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ABSTRACT
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To extend envelops of operation and performance, rotating machines are evolving away
from solid-shaft design topologies towards more complex thin-walled rotor structures. Mod-
ern dynamic analysis methods can deal with rotating structures having complex three-
dimensional geometric forms. However, there has been little published research on how
realistic whole-rotor dynamic models can be exploited in the design of active vibration
control systems. This project will address this deficiency by conducting basic research on
the application of advanced active bearing technology with thin-walled rotor structures.
The main focus of the work was vibration behavior and control methodologies. The main
research outcomes were

1. New theoretical models of dynamic behavior of thin-walled rotors based on shell
theory, with experimental validations.

2. New models of vibration excitation in thin-walled rotor structures due to asymmetry,
including non-circularity effects, with experimental validations.

3. Development of a novel distributed actuation active magnetic bearings and associ-
ated sensing and control approaches for thin-walled rotors.

4. Development of active control approaches for whole rotor vibration subject to shaft
bending and shell distortion.

The research findings are relevant to the design and operation of various machine types,
particularly turbomachinery. They may also be used for new applications in the alternative
energy field, such as wind and tidal power, where novel lightweight rotor/turbine structures
may be realized using the active bearing technology developed through this project.

Keywords: structural vibration, rotating machines, rotordynamics, magnetic bear-
ings, vibration control
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Executive summary

In rotating machine design, achieving high stiffness-to-mass ratio for rotating parts is
often a key requirement for extending envelops of operation and performance. This has
led to the introduction of hollow shaft rotor designs for several machine types, including
turbomachines. In addition to specialized applications, thin-walled rotor topologies can
play a significant role in future lightweight turbo-machine design. Research is needed to
improve our understanding of the dynamic behavior of thin-walled rotor structures and
the complex three-dimensional vibration to which they are susceptible. New approaches
for active rotor vibration control and active bearing technology are also required. The
aim of this project was to address this need by conducting basic research on the dynamic
behaviour of thin-walled rotor structures and developing new methods for active control
of rotordynamic stability and structural vibration.

The research findings from this project are relevant to the design and operation of
complex rotor structures in various machine types including turbomachinery and fans.
The findings may also be used for new applications in the alternative energy field, such as
wind and tidal power, where novel lightweight rotor/turbine structures may be designed
and operated using the results from this research.

The research outcomes from the work may summarised based on five key publications
from the project:

1. “An active magnetic bearing for thin-walled rotors: Vibrational dynamics
and stabilizing control”, (IEEE/ASME Transactions on Mechatronics)

A new active magnetic bearing design and control approach for supporting thin-walled
rotor structures was developed and tested. The design embodies a distributed actuation
scheme, synthesized from a theoretical description of rotor vibration with the aim of de-
coupling the levitation control system dynamics from the flexural dynamics of the rotor
wall. The approach was validated by both analytical and experimental studies focusing
on stability and vibration behavior for a short-length rotor-bearing system. The results
will motivate further application of the distributed actuation approach for more complex
thin-walled rotor systems, including those with multiple bearing units or multi-directional
actuator distributions. This will facilitate new approaches to rotor-bearing system design
and active vibration control for various machine types.

2. “Vibration due to non-circularity of a rotating ring having discrete radial
supports - with application to thin-walled rotor/magnetic bearing systems”,
(Journal of Sound and Vibration)

A new mathematical model for the vibration of a thin-walled cylindrical rotor subject
to small non-circularity and coupled to space-fixed bearing supports was developed. Rotor
non-circularity was shown to give rise to multi-harmonic excitation of the rotor-bearing
structure. Whether a resonance occurs at a predicted critical speed depends on the multi-



plicity and symmetry of the bearing supports. Generally, a large number of evenly spaced
identical supports will eliminate the possibility of low order resonance conditions. The
modelling approach was also applied to a thin-walled rotor-AMB system by accounting for
feedback controlled electromagnetic actuators within the formulation.

3. “Model and control system development for a distributed actuation mag-
netic bearing and thin-walled rotor subject to noncircularity” (ASME Journal of
Vibration and Acoustics)

A control approach was developed for reducing the vibration of a flexible thin-walled ro-
tor supported by a distributed actuation magnetic bearing. Although direct measurements
of rotor noncircularity may be used to compensate its effect on position signals used for
feedback control, multi-harmonic vibration may still arise due to measurement error and
other excitation mechanisms. An approach for harmonic vibration control has therefore
been introduced that achieves effective vibration suppression without requiring information
on the rotor shape. Experiments were conducted on a short thin-walled rotor with single
DAMB to confirm the efficacy of the proposed methods in preventing resonance during
operation. In future work, extending the approach for application with longer thin-walled
rotors having DAMB support in multiple planes will be considered.

4. “On the vibrational dynamics of thin-walled rotating cylinders: A theo-
retical and experimental study utilizing active magnetic bearings”, (International
Journal of Mechanical Sciences - under revision)

This work defined and experimentally verified a 3-dimensional multi-mode model for
the vibration behaviour of a thin-walled cylindrical rotor based on shell theory. The de-
scribed model can provide a complete and accurate description of the vibrational dynamics
of a thin-walled cylindrical rotor for a practical range of excitation types and rotational
speeds. The described theoretical model may be used to construct benchmark cases for
validation of finite element codes for rotating shell structures. It also has good suitability
for use in the design of active vibration control strategies. This will be considered in future
work.

5. “Controllability and actuator placement optimization for active damp-
ing of a thin rotating ring with piezo patch transducers”, (Journal of Sound and
Vibration - under review)

In this work, the optimal placement of piezoelectric actuators for suppressing elastic vi-
bration of a thin rotating ring was investigated. A theoretical model for flexural dynamics
involving bending and extension in the plane of a rotation was adopted and a time-weighted
controllability metric used to calculate the optimal locations of actuators for a given set
of targeted modes and range of rotational speeds. Experimental results confirmed the
suitability of the theoretical models and quantitative analysis of speed-dependent control
influence for the actuator/sensor placement problem. The results have important implica-
tions and may be extended for cases with more complex thin-walled rotating structures,
where the impact of rotation effects on controllability should be accounted for in the design
of active vibration control strategies.

The publication outputs from the project inlcuded one conference paper and six journal
papers derived from the work (four published and two currently under review /revision).

The main aspect of the project where the original objectives were not fully met was in
extending the work to more complex systems involving bladed rotor structures. As there



were considerable challenges in the modelling and dynamic analysis of simple cylindrical
thin-walled structures, the project work focused on these cases only. However, the results
are promising and the extension to bladed rotors appears to be feasible for the active
bearing technology and active control techniques developed in the present work.

In terms of collaborations and other related outcomes, the project activities have con-
tributed to the career development of young academics at the University of Phayao. Dr
Whichaphon Fakkaew, the co-investigator for the project has been able to advance to As-
sistant Professor status. Also, Dr Chakkapong Chamroon has now applied for Assistant
Professor status. This has been possible due to their collaboration and co-authoring of
papers for this project.

The project has involved international collaboration with a visiting researcher from
Nevdev Nuclear Research Centre, Israel (Mr Ziv Brand). This collaboration has focused
on the application of piezoelectric actuation and sensing for active vibration control of
thin-walled rotor structures. Joint publications have included a conference paper, to be
presented at the 3rd International Conference on Control Technology and Applications
(Hong Kong in August 2019). A draft manuscript for a journal paper has also been
completed and is now under review for the Journal of Sound and Vibration.

Short term impact from the project has included the application and award of a follow-
on research grant from the TRF on Compact Affordable Kinetic Energy Storage (CAKES 1
Project RGU6280014). This work will apply the research findings from the present project
in the creation of a prototype for a compact lightweight flywheel energy storage system.
The anticipation is that successful demonstration of the concept may lead to the commercial
production of a small flywheel energy storage system for use as an Uninterruptible Power
Supply (UPS) device.



Chapter 1

Introduction

1.1 Problem statement

In rotating machine design, achieving high stiffness-to-mass ratio for rotating parts is often
a key requirement for extending envelops of operation and performance. This has led to
the introduction of hollow shaft rotor designs for several machine types, including turbo-
machines [58, 9, 29]. Modern additive manufacturing methods such as metal deposition
and optimized composite shell fabrication will further support the creation of more com-
plex thin-walled rotor structures [40]. In addition to specialized applications, thin-walled
rotor topologies can play a significant role in future lightweight turbo-machine design [61].
Research is needed to improve our understanding of the dynamic behavior of thin-walled
rotor structures and the complex three-dimensional vibration to which they are susceptible.
New approaches for active rotor vibration control and active bearing technology are also
required. The aim of this project was to address this need by conducting basic research
on the dynamic behaviour of thin-walled rotor structures and developing new methods for
active control of rotordynamic stability and structural vibration.

The research findings from this project are relevant to the design and operation of
complex rotor structures in various machine types including turbomachinery and fans.
The findings may also be used for new applications in the alternative energy field, such as
wind and tidal power, where novel lightweight rotor/turbine structures may be designed
and operated using the results from this research.

1.2 Outline of report

The work undertaken focuses on three main aspects which are: rotordynamic modelling;
bearing/actuator design and operation; and control system design and implementation.
The first two chapters describe the development of theoretical models for vibration be-
haviour of a thin-walled ring (2D) and long cylinder (3D) rotor. Chapter 2 describes a
general analytical model for the vibration behaviour of a rotating thin-walled cylinder
based on Love’s shell theory. Numerical methods are explained and results for natural fre-
quency and mode-shape characteristics presented. Chapter 3 focuses on the simplification
of the general 3D model for the case of a short-length cylinder/ring with radial bearing
supports. Numerical predictions of vibration excitation due to the combined effects of
rotation and noncircularity are also presented. Chapter 4 describes the development of
a novel type of active magneic bearing for supporting thin-walled rotors. Basic design
equations and stability analysis are provided based on the 2D rotating ring model. Ex-
perimental validations confirm the effectiveness of the DAMB design and accuracy of the



theoretical rotordynamic models based on shell theory. Chapter 5 presents an advanced
control system design that is appled with the DAMB to suppress vibration caused by rotor
unbalance and non-circularity. Chapter 6 described a novel experimenal thin-walled rotor
system with two radial DAMBs and presents results on dynamic behaviour and validation
of the theoretical 3D model based on shell theory.

In summary, the structure for the remainder of the report is as follows:

Chapter 2 Theoretical model for 3D vibration of a a thin-walled rotor
Chapter 3 Thin rotating ring model and vibration arising due to noncircularity

Chapter 4 A distributed actuation magnetic bearing (DAMB) for thin-walled rotors: de-
sign, modelling and test results

Chapter 5 Advanced controller design for a DAMB-rotor system

Chapter 6 Experimental thin-walled rotor/DAMB system: vibration behviour and 3D
model verification

Chapter 7 Conclusions and summary of project outputs

1.3 Research objectives

The objectives have, in essence, remained unchanged from those in the project proposal.
These objectives were to

1. Formulate a general modelling approach for whole-rotor dynamics that will accu-
rately predict coupled vibration of substructures and is well-suited, in both form and
complexity, to modern dynamic analysis and active controller design procedures.

2. Develop, implement and evaluate novel AMB-based distributed actuation and sensing
schemes suitable for large diameter and thin-walled rotor structures.

3. Determine methodologies for optimal and robust controller design that can effectively
suppress coupled substructure vibration based on whole-rotor models.

4. Conduct lab-based testing on experimental systems in order to validate the modelling
approaches and control methodologies arising from objectives 1 - 3.



Chapter 2

Theoretical model for 3D vibration
of a thin-walled rotor

2.1 Introduction

Rotating cylindrical shell structures are essential components in various mechanical systems
and processes. Gear and shaft transmissions, wheel, roller and tire assemblies, thin-walled
tubes under machining, and turbo-machine rotors, are common examples. Vibration char-
acteristics of rotating cylindrical shells differ from those of stationary shells due to the
effects of centrifugal and Coriolis forces as well as initial hoop tension. The presence of
Coriolis forces leads to traveling-wave phenomenon for free vibration, as first reported in
1890 by Bryan [4]. Distinct natural wave speeds arise for forward and backward-traveling
waves, and these can vary significantly with rotational speed [21, 70]. Various thin-shell
theories (characterized by differing sets of strain-displacement relations) may be used to
derive the equations of motion [56, 47, 38, 1]. In terms of simplicity and accuracy, the
theory of Love is often considered appropriate [42, 32|, although a drawback of the theory
is that certain rigid-body motions will not be correctly described [64].

For free vibration of cylindrical shells, analytical solutions for the displacement field
can be expressed as two multiplicative components: the angular mode-shape function
that describes the circumferential traveling waves and the axial mode-shape function that
describes longitudinal deformation and which depends on the boundary conditions. For
simply supported boundary conditions, the axial functions will involve known sine and
cosine functions [38, 69, 63, 71]. To deal with other types of boundary conditions, some
authors have used characteristic mode shapes for beam bending as approximate axial modal
functions [32, 43, 49]. Unfortunately, the frequency characteristics obtained in this way are
of limited accuracy as the governing equations cannot be exactly satisfied. More accurate
results can be obtained with series functions such as differential quadrature functions [31],
Fourier series |73] or orthogonal polynomials [72]. However, such solutions can require
many terms to obtain accurate results for general sets of boundary conditions.

Exact axial mode shapes for arbitrary homogeneous boundary conditions can be ex-
pressed as a finite sum of weighted exponential functions [25]. As the exact solutions
satisfy both the equations of motion and boundary conditions, they involve orthogonal
functions. This property is important for decoupling the modal response equations in the
case of forced vibration. Alujevic et al. [1] employed this approach to find exact solutions
for free vibration of a free-free rotating cylinder. As the method is semi-analytical, care
must be taken to formulate the solution in a way that avoids numerical conditioning prob-
lems. Natural frequency values were compared with published experimental data |75, 68]
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and good agreement was shown, but only for non-rotating cases. Also, non-zero natural
frequencies were obtained for rigid-body tilting modes, even without rotation, due to the
aforementioned limitation of Love’s theory. Experimental studies on the vibration of short
rotating cylindrical shells have been undertaken previously, and the applicability of simpli-
fied 2D shell /ring models shown [22]. The case of rotating cylindrical shells of short axial
length subject to harmonic excitation has also been investigated in the context of rolling
tire vibration and noise |38, 49, 33].

This chapter described the creation of a analytical model for the vibration behaviour
of a rotating thin-walled cylinder based on Love’s shell theory. The model is descritized in
modal form with speed-dependent coefficients. This simple parametric form is well-suited
for rotodynamic analysis and the prediction of forced vibration response. The application
and experimental verification of this model on a rotor-AMB system is described later in
chapter 4.

2.2 Rotating cylindrical shell model

2.2.1 Governing equations

A uniform cylindrical shell, rotating at constant angular speed 2 about its axis, may be
considered as shown in Fig. 2.1a. The radius, axial length and thickness are denoted by
R, L and d, respectively. Let zgyozo and xyz be local Cartesian coordinate systems fixed
at the undeformed and deformed middle surface within the cylinder wall. The compo-
nents of displacement along the undeformed axes are denoted by w.(0, z, t), v.(0, z, t)
and w,(0, z, t). The cylinder is homogeneous, isotropic and linearly elastic with Young’s
modulus F, Poisson ratio v and density p. It is assumed that the axis of rotation aligns
with zg. Figure 2.1b shows the internal forces and couples acting on a shell element, which
are aligned with deformed coordinate axes. Here, Qo = pdR%Q2? is the mean circumferen-
tial stress due to centrifugal loading. The components of the external force per unit area
are denoted by f., fy, and f.. The equations of motion with respect to the undeformed
rotating coordinate system may be derived as

100us | 09 4 Qo O (14 Y g, = pd (i + 200, + O2(R— ) (21)
1

E% + any o % + % (6€z BZ) + fy = pd (1),,. — QQUT — QQUT) (22)
0 z o] 2z a z n
K+ - = 23)
6M 8qu 6M12 'zz
Qy:l: = % agyy + aZJ7 QZI = _% BZJ - % (24)

Also, Qy. = Q.y and M, = —M.,,.

The derivation of these equations can be found in other sources, although some differ-
ences are seen for the terms in Q2 and @, depending on whether the equations of motion
are formulated and linearized using the deformed or undeformed coordinate system [32].
In our derivation, the acceleration and force components were related by applying Newton-
Euler’s equations in the undeformed axis system, with the assumption that rotation occurs
about the undisplaced cylinder axis (aligned with the zy axis).

The internal forces/moments are described by the constitutive equations from Kirchhoff-
Love theory [45]:

{nyv Q22 sz] = C [Gy + Ve, €, 1+ vey, 1_TV’sz] (2'5)
o) z 0 9 v 0, z - 9 9 z
[Myya M., My : = D [_% aﬁe -V aﬁzyv 8Bzy + R a% ) lzR ( e +3 o )} (2.6)
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Figure 2.1: Thin-walled cylindrical rotor model: (a) coordinate systems (b) internal
forces/moments acting on shell element

with C' = 1?52 and D = % and

_ 1 Ov, Up _ Owy vy 1 Qwy

C=FRos R = a0 W= oz TR g (2.7)
ﬂ — _ 10w B Ouy _lBUT_{_Ui
T ™ R 90 Yy 09z 27 R 00 R

To describe the interaction with space-fixed elements (which for a rotor system may
include bearing supports and other stator-mounted parts), a transformation to stationary-
frame coordinates is required. Stationary-frame displacements are defined by u(¢, z, t) =
ur(0, z, t), v(o, z, t) = v.(0, z, t) and w(o, z, t) = w,(0, z, t), where ¢ = 6 + Qt. The
following relations hold for each pair of variables:

a¢>v
Using Egs (2.4)-(2.6) in Eqgs (2.1)-(2.3) and applying Eq. (2.9) gives

Ly(u, v, w)+ f = pd [u—FQQ <a¢+”) —i—Qz( 7 —u)}

Ly(u, v, w)+ fy = pd [v+29 (8—¢—u)+92 (%_“_R%)} (2.10)

L:(u, v, w) + f2 = pd {w + QQB%]

where
4 3 4
La(w v,w) = O (35 —u) + 53] D |5t + oot + droiign + e it + e 58
1—v 820 1 1-v §? 1 1 198
Ly(u’ v, U)) = C[Ta——i—% R7<87_7>} +D|:2R587212)+R48¢2 +R48¢3+R28¢822
2

L.(u,v,w) = C [ 178272}

O3+ 58 9607 — 5o 06

For rotordynamic analysis, it is appropriate to consider free boundaries at both ends
of the cylinder. According to Fig. 2.1b, there are five resultant forces at the end surfaces.
As the order of the equations of motion is four, only four boundary constraints are needed.
Kirchhoff effective shear stress resultants [32, 69| are used to combine shear force and
moment values as V., = Q.z + }1%62’%:(/ and V,y = Q.y — sz Setting Q,, = M., =

12
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V.z = V2 = 0 at the boundaries then yields

ow v [ Ov 1 _
[E tr (Tf) B u) P 0

9u v [ 9%u o]
Pui b (— + —) —0
[322 B2 \09% T 00) ],y
_ 2.11
: (2.11)

—

1 9%y 2-v 0u , O%u _
2 060: T B2 020z T 0| iy 0

d 19 2 (9 9%u ] _
3+ &3s + o (3 +28:)) L, , =0

2.2.2 Exact solutions for free vibration

To obtain solutions for free vibration, the external forces are set to zero and the following
forms assumed:

u = e cos(mo + wpt), v=—PFe sin(me+wnt), w=~ye cos(me =+ wnt) (2.12)

where m is the integer-valued circumferential wavenumber, w,, is the natural frequency
and A, «, 8 and ~ are arbitrary constants. Note that the ‘+’ and ‘—’ correspond to the
backward and forward traveling wave solutions, respectively. Substituting Eq. (2.12) into
Eq. (2.10), yields

as Xt + asX? + ag + ay, dod? +dy + d,, e1A o
d2>\2 + do + d,,, b2)\2+b0+bw, (fl +f2))\ I3 =0 (213)
—e1A, —fiA, 22 + o + ¢, y
where, with § = d?/12R?, the coefficients are given by
ay = —O0R*,  ay =20m’R?%, agp=—-0m*—1, a,= %(w?n + 02 4 2Quw,,m),
by = 5% (14 0)R%, by = —(1406)m?, by = 2P (W2, + Q%m? + 20w,,m),

co =R%, o= —I_T”mQ, Co = %(w?n + 2Qw,,,m)
do = omR? dy=—-6m—m, d,= %((ﬂm + 2Qwn,),
e1=vR, fi=4"mR, fo= phgs 2*m

The equations of motion can be satisfied only if the determinant of the matrix in
Eq. (2.13) is zero. This yields a biquartic polynomial in A:

A\ AgAS + AN+ AN 4+ Ag =0 (2.14)

where the coefficients are defined in appendix A. The displacements can therefore be ex-
pressed

u=U(z)cos(mptwnt), v=—-V(z)sin(mptwnt), w=W(z)cos(motwnt) (2.15)

where the z-dependent factors are a linear combination of the eight eigensolutions:

8 8

8
U(z) = Z Cragexp(Mg2), V(z) = Z CrBrexp(Agz), W(z) = Z Crvi exp(Akz).
k=1 k=1 k=1
(2.16)
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Here, C) are complex constants, to be determined. At this stage, the roots A\; must be
calculated by assuming a value for the frequency w,, and then solving Eq. (2.14). The
corresponding eigenvectors ¥y = [ag, Bk, %]T can then be constructed from the null space
of the matrix in Eq. (2.13). The axial mode shape function G(z) = [U(z2), V(z), W(z)]"
can be changed from complex to real-valued representation according to

8

ch\lfk exp )\kz kafk (2.17)
k=1

where I';(z) : R — R? are given in appendix B for each possible type of root for Eq. (2.14).
The real coefficients xj must be determined such that G(z) satisfies the boundary condi-
tions. This will only be possible if a correct natural frequency value has been assumed for
W, Although the transformation to real functions and coefficients in Eq. (2.17) compli-
cates the formulation, it simplifies the solution procedure and helps in avoiding numerical
conditioning problems. Equation (2.17) may be expressed in the matrix form:

G(z)=T(2)K (2.18)
where K = [ k1 Ky ... ks ]Tand I(z) =[ I'i(z) Ta(z) ... Ts(z) | isa3x8matrix.
By substituting Eq. (2.15) into Eq. (2.11), the boundary constraints may be expressed

BK =0, (2.19)
where
5 | Bol'(z) +Bil"(z) + Bol"(2) + Byl (2)].__p
[BoI'(2) + B1IV(2) + B2V (2) + BgI‘”’(z)]Z:L/2
with
-V —vm 0 0 0 R
—vm? —vm 0 0 0 0
Bo = 0 0 m/R |’ B = 26m 1+6 0 |’
0 0 0 —2—-v)m?> -m 0
0 00 0 00
R 00 0 00
B2=1"%9 00| B=] 0 0o
0 00 R? 0 0

The determinant of B must be zero in order to obtain a non-trivial solution for K.

To determine the natural frequencies, the frequency range of interest is first discretized.
Each frequency value is then substituted into Eq. (2.14), with m set to a fixed integer,
in order to solve for A\; and corresponding W,. It is then possible to construct B and
calculate its determinant. Existence of a solution is indicated by a change in the sign of
the determinant for two adjacent frequencies. A secant method can then be used to refine
the solution to the required accuracy. The coeflicient vector K can then be calculated by
construction from the null space of B e.g. using a singular value decomposition algorithm.
If G(z) is represented using complex coefficients and functions, then the determinant of B
can take complex values. In this case, the zero-crossing method cannot be used and finding
the natural frequencies becomes more difficult.

Equation (2.16) is valid only if the roots A are non-zero. For m = 1 and w,, = 0, the
coefficient Ay vanishes and so there are two zero-valued roots. In addition, for m = 0 and
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Table 2.1: Physical properties of cylinder for case study

Parameter Symbol Value Units

Length L 0.8 m
Radius R 0.0815 m
Wall thickness d 0.00306 m
Young’s modulus E 2.08 x 10! N/m2
p 7850 kg/m?>
v 0.3

Density

Poisson’s ratio

wm = 0, both Ag and As vanish and this give four zero-valued roots. These solutions, which
correspond to the rigid-body modes, are not correctly represented by Eq. (2.16). However,
a simpler form for G(z) may be assumed and substituted into Eq. (2.10) to obtain the
corresponding natural frequencies. This approach is described in detail in section 2.2.3.

2.2.3 Numerical solutions and preliminary analysis

Numerical results were obtained using physical properties listed in Table 2.1. These match
the experimental system described later in chapter 6. For the experimental system, the
recorded data relates to bending mode vibration within a frequency range of 0-2000 Hz. For
construction of a theoretical model, a broader range of natural frequencies and mode types
was first considered. Figure 2.2 shows the natural frequencies for the non-rotating cylinder,
obtained by the solution method in section 2.2.2 (with = 0). Selected mode shapes are
shown in Figs 2.3 and 2.4. The mode shapes may be classified as out-of-surface bending or
in-surface shear and extensional, depending on the dominant displacement directions. For
the z-dependent mode shape function, the notation G, (2) is adopted where the index
m is the circumferential wavenumber, as previously defined. For the bending modes, the
index n is equal to the number of nodes (zero-crossings) of U(z).

Natural frequencies for bending modes are shown in Fig. 2.2a. The modes with m =1
include the rigid-body translation and tilting modes (with n = 0, 1, respectively), as well
as the beam bending modes (n > 1), as shown in Fig. 2.3. Note that, for a given value of
n, the trend of changing natural frequency with increasing circumferential wavenumber m
depends on the length-to-radius ratio of the cylinder.

Modes with m = 0 include those for which either axial extension or bending are dom-
inant, as shown in Fig. 2.4. For modes where the axial extension is dominant, then n*
denotes the number of nodes of W(z). The natural frequencies shown in Fig. 2.2b also
include torsional shear modes, as indicated by O symbols. Modes with n* = 0 are axial
shear modes, while other modes for which m # 0 and n* # 0 involve more complex in-
surface shear and extension, some examples of which are also shown in Fig. 2.4. For the
experimental tests, the excitation of these modes is negligible.

To obain the physically correct results for the rigid-body modes, solutions were con-
structed using the assumed modes method. For cases with m = 0, setting G(z) = [a, 3, 7"
in Eq. (2.15) and substituting into Eq. (2.10) yields wpo = wopo+ = 0, and Goo(z) =
[0, 0, l]T, Goo+(z) = [0, 1, O]T, which correspond to translation along the z-axis and ro-
tation about the z-axis, respectively. For m = 1, setting G(z) = o, S, ’y}T and G(z) =
laz, Bz, R]T, yields w19 = w11 = 0 and Gi1(2) = [1, —1, O]T, Gi1(2) = [z, —z, R]T,
which describe lateral translation and tilting motions. For the flexible modes, the exact
solution method was used to find the natural frequencies and mode shapes in all cases.

To obtain exact solutions for the rotating cylinder, the same solution method may be
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Figure 2.2: The natural frequencies of a non-rotating cylindrical shell with properties in
Table 2.1: a) bending and extensional modes, b) torsional and mixed shear/extensional
modes

applied but with  set to non-zero value in Eq. (2.13).

2.3 Speed-dependent rotordynamic model

2.3.1 Mode-shape invariance and modal decoupling

To construct a speed-dependent parametric model, the issues of orthogonality and invari-
ance of the mode shape functions is first considered. Substituting the zero-speed eigenso-
lutions in Eq. (2.10) yields

Kon = —w2, Gony, Q=0 (2.20)
where
c asUM + axU) . + agUpn + d2Vi! o + doVin + e W),

_€1U7,rm - flvézn + C2WTIrIm + coWinn
For the case with rotation,

Kon = _(wb )2Gmn —20u? A G — Q2Hmen
mn mn 0 2.22
,Cmn = _(wfrm)szn + 2QWfrmAmen - QZHmeTL } ?é 0 ( )

where the backward and forward mode frequencies are denoted w? . and w,fm, respectively.

If the centrifugal stress term in Eq. (2.2) associated with the axial strain gradient (% 855)

is neglected (so that fo =0 in Eq. (2.13)) then both A,, and II,, have symmetric forms:

m 1 0 1 m O
Ap=1|1 m 0|, H,=|m m?> 0 (2.23)
0 0 m 0 0 0



The boundary constraints from Eq. (2.11), are

[W/ — % (Unn +mViy) ]Z inpe =
[U7/7/7,n R2 (m Umn + mvmn)] :tL/2
(2.24)
(Ui = (2= ) B U = Vit
z= iL/2
[26mUy,,, + (14 6) Vi, + EWn L t1)2 =
By applying Eq. (2.24), it can be shown that
L2
GlKmn — G Kingdz = 0. (2.25)
—L/2
Therefore, from Eq. (2.20), ( f%% GT (Gmndz = 0. Since Wiy # Wmg, it can
be concluded that
L/ Gmn, =T
Gy Gmndz = ’ (2.26)
~L/2 0, q#n
where @, = 552 GT  Gndz. This implies orthogonality of the stationary mode shapes.

Using Eq. (2.20) to substitute for ICp,y, in Eq. (2.22) and applying Eq. (2.26), it may
be shown that, if Ap, = A}, and I, = IT},, then (w},, — b, ) [12 12 GingAmGrndz = 0.

Since w?,,, # wfnq, it can be concluded

L/2 b —
G Ay Gz = {0 Omne =10 (2.27)

~L/2 0, q#n

where by, = 2 L2 UpinVinndz. 1t then also follows from Eq. (2.22), that
—L/2
L/2 _
Gl TGz = 4™ 177 (2.28)

—L)2 0, q#n

where ¢, = ffﬁz(Umn + men)de. Note that the coefficient ¢,,,, is a measure of the

circumferential extension. With no extension, u = dv/90 and so Uy, + mVip, = 0.

The implication of equations (2.27) and (2.28) is that, with symmetric matrices A,,
and IT,, (as in Eq. (2.23)), the zero-speed mode shapes G,,,, are also eigensolutions of Eq.
(2.22), i.e. the mode shapes are unaffected by rotation. Now, substituting Eq. (2.20) into
Eq. (2.22), then premultiplying by G . and integrating over z € [~L/2, L/2] yields a set
of quadratic equations for the natural frequencies, the solutions for which are

2
whf = \/wngrQ? [(m—l— 2"’7’;) - Cmg] FQ (m+ ZZZ) (2.29)

Here, the lower value corresponds to the backwards wave solution. Table 2.2 shows natural
frequency values for the cylindrical rotor (Table 2.1) for two cases: 1) based on exact
solution with inclusion of the Ode,/0¢ term in Eq. (2.2); and 2) using the formula from
Eq. (2.29), which neglects the Je,/06 term. For the first ten bending modes, there is
agreement within four significant figures when /27=30 Hz. For higher rotational speeds,
the difference becomes more apparent for higher order modes, although agreement within
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Figure 2.3: Example mode shapes for free vibration of cylindrical shell in low natural
frequency range

three significant figures is still obtained for the cases shown with ©Q/27=300 Hz. The
formula Eq. (2.29) can be used directly to construct a Campbell diagram for the free
rotating cylinder, as shown in Fig. 2.5. The decoupling equations (2.27) and (2.28) also
facilitate the construction of a parametric speed-dependent model for forced vibration, as
described in section 2.3.2.

2.3.2 Parametric model for forced vibration

For the prediction of forced vibration involving rigid-body and bending mode excitation
(m > 1), a truncated modal expansion is adopted where p,,(t) and ¢n,(t) are modal
response variables:

NE
M) =

u(p, z,t) = Upin(2) [Pmn(t) Sinmé + gmn () cosma]
m]\;1 n;[(]

v(p, z,t) = Z Z Vi (2) [Pmn () cosme — Gun (t) sin ma] (2.30)
m];l n;(]

w(d, 2, t) = > > Winn(2) [pmn (t) sinme + gon () cos mg]

3
[
o
S
I
o

Suppose an external point load P(t) = [Py(t), Py(t), P, ()] is applied at (¢, 2) = (¢p, zp),
then
[Fer fur )" = HP()0() = 6p)d(2 = 2p) (231)
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Figure 2.4: Example mode shapes for free vibration
frequency range
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Table 2.2: Numerical results for bending mode dynamics of free cylinder. Natural frequency
values are shown from exact solution and from using parametric formula Eq. (2.29)

Q/2r =0 Hz Q/27 = 30 Hz Q/2m = 300 Hz
coefficients formula exact formula exact
moii(;ifi:pe Wmn bmn Cmn Winn wf,m Wimn wfnn wf:m wﬁm wﬁim wf,m
(Hz) tmn tmn (Hz) (Hz) (Hz) (Hz)
m=2,n=0 305.99 | -0.80022 7.5358e-7 | 344.09 272.10 | 344.09 272.10 | 832.35 112.49 | 832.16 112.51
m=2,n=1 313.40 | -0.79535 1.4149e-6 | 351.61 279.33 | 351.61 279.33 | 839.75 116.96 | 839.49 116.95
m=2n= 603.90 | -0.78598 1.8652e-4 | 641.41 568.57 | 641.40 568.55 | 1069.4 341.00 | 1067.7 339.47
m=3,n=0 865.19 | -0.60054  5.3070e-6 940.16  796.19 | 940.16 796.19 1845.3  405.65 1845.3  405.70
m=3,n= 872.60 | -0.59996  9.7775e-6 | 947.57 803.56 | 947.56 803.56 | 1851.3 411.29 | 1850.9 411.28
m ,m=2 934.81 | -0.59975 6.8217e-5 1009.6 865.57 | 1009.6 865.56 1900.1  459.91 1899.2  459.35
m=3,n= 1149.1 | -0.59998 2.8198e-4 | 1223.4 1079.4 | 1223.4 10794 | 2076.1 636.05 | 2074.3 634.59
m=2n= 1311.9 | -0.77816  6.4058e-4 1349.1 1275.7 | 1349.0 1275.7 1728.7  995.57 1726.0 993.10
m=1n= 1344.1 | -0.86113 1.0239e-3 | 1348.3 1339.9 | 1348.3 1339.9 | 1386.4 1303.1 | 1384.2 1300.9
m=4,n=2 1703.6 -0.4725 5.9478e-5 1812.7 1601.0 1812.7 1601.0 | 3063.8 947.26 | 3063.1 947.00
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Figure 2.5: Campbell diagram for free rotating cylinder with properties in Table 2.1.

Substituting Eqgs (2.30) and (2.31) into Eq. (2.10) and exploiting the orthogonality prop-
erties of sinm# and cosm@ yields a set of 2M equations:

Z KmnPmn + Fh, = Z [Gmnpmn = 2QA 0 GrmnGmn — Q2Hmenpmn]

o no (2.32)
Z Krn@mn + Fy, = Z [Gmndmn + 2QA 0 GrmnDmn — QQHmeann]

n=0 n=0

where 7! = (prRd)*H} (¢ p) P(t)0(2—2p) with H,(¢) = diag ([sin mfg, cos me, sinmg))
and H{,(¢) = diag ([cosme, —sinme, cosmg]). Substituting Kyn = —w2,,,Gmn, and pre-
multiplying by G%q, then integrating over z € [—L/2,L/2] and applying orthogonality

properties from Eqs. (2.26)-(2.28), yields

Brn = 200 (4 222 ) G + (2, — Q22 ) pro =G, (2 ) HE, (69) P(1)
Amn amn Hmn
(2.33)
G + 22 (m 4+ 222 ) 4+ (2 — 92852 ) g == G (2 ) HE, (00) P (1)

where i, = prRdamy,.

It can be easily verified that the rigid-body dynamics are correctly represented by
Eq. (2.33) when the assumed mode shapes given in section 2.2.3 are adopted. Of special
importance for rotordynamic analysis are the tilting modes with Gy 1(z) = [z, —z, R]”,
as these are subject to gyroscopic effects when the cylinder is rotating. For this case,
all = %L?’ + R?L, by = —%LB, c11 = 0 and so Eq. (2.33) becomes

(13m0l + gmoR*)pn — QmoR*qu =zp sin(¢p) Pe(t) — zp cos(ép) Py(t) + Rsin(¢y) P (t)
(moL? + $moR?)di1 + QmoR*p11 =2p cos(0¢p) Py(t) + zpsin(¢p) Py(t) + Rcos(¢p) Ps(t)

(2.34)
where mg = 2pm Rh L is the total mass of the cylinder. Here, the gyroscopic cross-coupling
terms, which involve the axial moment of inertia I,, = moR?2, result in non-zero natural
frequencies for conical precession.
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Equation (2.33) can be written in matrix form for multiple point loads P;, and with
the inclusion of damping, as

angmn + (Cmn + 2QJmn) gmn + (Kmn - Q2K£Zrm) fmn = Z Emn(¢ja Zj)f)j(t) (235)
J

where 5,77;“ = [Pmn, @mn) and

mn

Unn(z)sinme¢ Vi (2) cosme Wi (2) sinme
mn(2) cosme Vi (2)sinme Wi (2) cosme |7

Kmn = wipMmn, Koy, = Minn, Comn = 2GnnKmn.

mn

Combining the uncoupled equations (2.35) for all 2M (N + 1) modes gives

ME + (C+200) €+ (K - 0°Kq) £ = > E(), 2) P;(t) (2.36)
J
where &7 = (T, €T, ...,51{1) e RZMNHD - with ¢l = [ 77;0, fzﬂ, ...,gg;N]. Consequently,
M, C, J, K, Kq € RZMIN+Dx2M(N+1) 516 block diagonal matrices in correspondence with
Eq. (2.35). Also, E € R2MV+1)x3 and the displacements at an arbitrary space-fixed
location can be expressed

[u(}, 2,t),v(0, 2, 1), w(¢, z,1)]" = BT (¢, 2)&(t) (2.37)

2.4 Chapter summary

This chapter has defined a 3-dimensional multi-mode model for the vibration behaviour of
a thin-walled cylindrical rotor based on shell theory. The shown invariance properties of
the mode-shapes allows the construction of a discrete model having a simple parametric
dependency on rotational speed, with negligible impact on accuracy. Results from the
parametric model for speed-dependent natural frequencies (Eq. (2.29)) indicate that, for
the low order bending modes, the effect from circumferential extension is very small. An
implication of this point is that, even for experiments with higher rotational speeds, the
correctness of the centripetal (Q2) terms in the equations of motion may not be exposed
unless modes with significant in-surface extension are excited and identified. The described
theoretical model may be used to construct benchmark cases for validation of finite element
codes for rotating shell structures. Further work to experimentally verify the described shell
theory model for a test case rotor system is presented in chapter 6.
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Chapter 3

Vibration of a thin rotating ring
subject to noncircularity

3.1 Introduction

The vibration within the walls of a simple thin-walled rotor shares similarities with the
in-plane vibrations of rings, for which Coriolis and centripetal accelerations give rise to
rotational-speed-dependent splitting of natural frequencies for foward and backward cir-
cumferential waves |27, 22]. The motivation for the present study was to better understand
the underlying mechanism for vibrational excitation of a thin-walled rotor supported by
active magnetic bearings. Vibration is seen to arise due to imperfect symmetry of the rotor
cross-section and its accurate prediction may play an important role in machine design,
manufacture and operation. A suitable dynamic model must incorporate mathemetical
descriptions of rotor non-circularity and space-fixed bearing elements in order to establish
the forced vibration behaviour under rotation.

Limitations in manufacturing processes will cause profile variations in hollow cylindrical
structures of nominally annular cross-section. Although a number of studies on the free
vibration of imperfect rings can be found in the literature, these deal almost exclusively
with non-rotating rings. Imperfections may be introduced as small initial displacements
[2], or variation of the ring cross section [34, 26|, or perturbations of the uniform mass
density and bending stiffness [3]. An elliptical ring has also been considered as a special
case of an imperfect circular ring [35]. In most of these studies, the Rayleigh-Ritz approach
has been used to determine the perturbations in natural frequencies and mode shapes for
free vibration. The effect of uneven mass distribution for a spinning resonator ring in a
MEMs device was studied in Ref. [37].

Machine rotor/shaft structures are usually supported by space-fixed bearing compo-
nents with certain stiffness and damping characteristics. For a thin-walled rotor, bear-
ing interactions occuring at discrete angular positions may result in significant changes in
modal properties for wall vibration. The related problem of free vibration of a non-rotating
thin ring on a general elastic foundations was solved in Ref. |77 via both perturbation and
Galerkin methods. Similar behaviour is seen in models of vibration in meshing compliant
gears which couple through space-fixed discrete stiffnesses [18, 5].

The vibration of a rotating ring under forced conditions, both with and without con-
straints, was studied by Carrier [6] for a few special cases. Closed form solutions to the
harmonic and periodic forced vibration of rotating rings have been reported by Huang and
Soedel [33]. Response solutions for rotating tires based on rings with elastic foundations
under various loading situations have also been published [76, 38], while an experimental
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study on tire vibration can be found in Ref. [39].

Previous studies on forced vibration have been limited to the case of perfect rings sub-
ject to exogenous forcing. To the authors’ knowledge, the mechanism for self-excitation
due to imperfect geometry of a hollow cylindrical rotor with discrete supports has not
previously been dealt with. In this chapter, a model is developed for vibration of a short
thin-walled rotor where non-circularity is represented by an initial deflection of the ro-
tor wall. Using a Fourier series description of non-circularity, a general model for the
interaction of the rotor with space-fixed discrete spring-damper supports is derived. A nu-
merical study is then undertaken to investigate the influence of multiplicity and symmetry
of discrete spring-damper supports on the resonance behaviour of the rotor.

3.2 2D rotor model based on thin inextensible rotating ring

The governing equations for a rotating cylindrical shell may be simplified for the case of a
short length thin ring. In this case, the axial variation (z-dependency) of all variables is ne-
glected and deformation is assumed to occur in the form of bending in the plane of rotation
only, i.e. without twisting of the shell. With the incorporation of small noncircularity, the
geometry may be considered as shown in Fig. 3.1. The rotor has circumference length L.
and rectangular cross-section of depth d and length . Uniform density p and modulus of
elasticity E are assumed. The rotor is supported by space-fixed discrete bearing elements,
shown here as radial spring-damper units. The XY axes are a fixed reference frame, while
the reference frame X'Y’ rotates with the rotor at constant angular speed Q about the
fixed axis through O.

To derive the equations of motion we consider that non-circularity is introduced as an
initial plastic deformation of a perfect circular ring so that its neutral plane is perturbed
from a reference circle centred on the coordinate axes, as shown in Fig. 3.1a. Then,
additional displacements arise under motion due to elastic deformation. The local reference
frame for the displacement at a given point P is shown by axes xgyo and the deformation
frame is denoted by axes xy. The displacements of the cylinder wall in radial (xg) direction
and tangential (yo) direction with respect to the reference circle are defined as

U0,t) = u0(0) +ur(0,1), V(0,t) = v,0(0) +v,(0, %)

where u,0(0) and v.9(f) are the initial equilibrium displacements due to non-circularity
and u,(0,t) and v,-(0,t) are the displacements due to vibration. Under these assumptions
we may apply an inextensibility condition to both the plastic and elastic components of
the deformation:

Up =L, Uy = Ul (3.1)

The equations of motion for a differential element may be obtained from (2.1)-(2.8)
under assumption that all variables are independent of z, giving the simplified set of
equations

B+ S e R (1+ %)+ L = ph(U+20V+QAR-1))  (32)
R - % -1 fy, = ph(V-200 - Q%) (3.3)

aM,,
Que = % 5" (3.4)
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0 12pRY . o) . . . .
This reduced (1-D) governing equa(tl?)n (Eq. (3.6)) is consistent with some previous
studies |22, 28|. However, the effect of additional damping and non-circularity terms in
combination with space-fixed bearing supports, which are critical aspects for rotordynamic
prediction, have not previously been considered. Endo et al. [22] showed experimentally
that the (low order) natural frequencies for free vibration of a thin rotating ring corre-
sponded well with the unforced version of this equation even though the inextensibility
assumption is applied. For further comparison, two alternative but more complex models
are given in the appendix that take account of circumferential extension and give further

where w
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insight on the validity of Eq. (3.6). Note that the non-circularity terms on the right side are
constant (time-independent) forcing terms that, for the free rotor, produce a deformation
that tends to cancel the initial non-circularity as the rotational speed increases, i.e. an
initially non-circular rotor becomes circular as the rotational speed tends to infinity. This
behaviour, which is intuitively reasonable, is seen only when inextensibility is assumed
for both the elastic and initial plastic deformation, as in Eq. (3.1). With the addition of
discrete bearing supports, the impact of non-circularity on vibration is more complex.

3.2.1 2-D model without inextensibility assumption

A two-dimensional model for vibration of a thin rotating ring may be obtained from Eqs
(23.2)-(3.5) without the inextensibility assumption by applying Q,, = %(v;. —uy), yielding
rotating frame equations of motion as

E Ed? N .
W(v; — ) — opRi (" 4+ ") + Q2 (Wl + v+ uy) = i, + 2Q0, (3.7)
E Ed?
(o =)+ (! v) + QP = 6y — 20 (3.8)

These equations are still consistent with Love’s approximation theory for thin shells [46].
Substituting the free vibration solution in the form

u. | Aej(mGert)
|: vy :| - |: ]-Bej(mﬁ—i-wt) (39)
leads to the following eigenvalue problem for natural frequencies w:

—1—dm* — (m? — l)ﬁ2 +@? —m—md —mQ + 20w

A
e} ey =0 3.10

where Q = QR\/p/E,w = wR+\/p/E and § = d?/12R?. The characteristic equation is
thus quartic in @ and (for each value of m) yields four natural frequencies. The two lower
frequencies relate to predominantly flexural modes (for which u, ~ v].) while the two higher
frequencies are extensional modes. Under the assumption dm? < 1, the natural frequencies
(for Q@ = 0) follow as

m(m? — 1)
VmZ 41’
The first frequency matches that for the inextensible ring model Eq. (3.6), thereby con-

firming its validity for cases where dm < 2v/3 R. The exact value from (3.10) will be
somewhat lower, however.

2R
wp = Fwg We = :EWOF 3(m2 + 1) (311)

3.2.2 2-D shell model with DMV approximations

A possible simplification for thin-shell cylinders is to neglect the radial shear stress term
in the tangential acceleration Eq. (3.8). A further approximation made in Donnella-
Mushtaria-Vlasov (DMV) theory, is that the contribution of the tangential displacement
to the bending strain is negligible [78]. Under these assumptions, Eq. (3.10) simplifies to

—1—dm* — (m? — 1)52 132 —m—mQ + 20w
—m—m& + 20w —m? + w?

[ “ } 0 (3.12)

Although commonly applied, the validity of this model for a thin-walled rotor-bearing
system should be verified by comparison with the results from Eq. (3.10).
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3.3 Rotor-bearing system model

To describe the rotor interaction with space-fixed bearing supports, it is convenient to
express motion in terms of fixed-frame coordinates. For a given point on the rotor, the
fixed-frame angular position is ¢ = 0 + Qt. We define u(¢,t), v(,t), uo(¢,t) and Fr(o,t)
as the radial and tangential displacement, non-circularity and distributed radial force as
functions of ¢, respectively. For each of these parameters, y,(0,t) = y(¢(0,t),t) and so the
following relations hold

dyr _ Oy
00— 9¢’

. dy

Using these transformations in Eq. (3.6) gives the equation of motion in stationary frame
coordinates as

0% Bo O
(a¢2 ) 20 ((%3 a¢>

64 4 2,
+w(2) <1+TQa+7d> <6 +28v+3 >

(3.13)

o9 9¢% ~ o¢t  9%¢
1 8F* 8 uQo auo
-z 2 +3— 3.14
e = (5 9% (314)
3.3.1 Discrete model
The non-circularity can be approximated by a truncated Fourier series in the form
M
uro(0) = Z [aj cos j6 + bj sin j0] (3.15)
j=1

where a; = % fo% Uy cos j0 df and b; = % fozw uro sin j0 df. The displacement component
due to non-circularity ug(¢,t) = uyo(¢p — Qt) is then given by

M
uo(p,t) = Z (a; cos jQt — bjsin jQt) cos j

7=1
M

+Z a; sin jQt + b; cos jQt) sin j¢ (3.16)
J=1

Since the j = 1 coefficients relate to the ring offset, the reference circle centre may be
chosen such that a; and by are zero, i.e. collocated with the mass-centre of the cylinder.

Discrete radial bearing forces Fj,(t), applied at angular positions ¢g, and indexed by
n, may be modelled by

Fj(¢,1) = Zan (¢ — pan) (3.17)

where §(.) denotes the Dirac delta function.
Suppose a solution to Eq. (3.14) can be approximated by

u(p,t) = ) sinme + g (t) cos me] (3.18)

M:

m=1

26



where sin m¢ and cosm¢ are the mode shapes for undamped free vibration and p,,(t) and
gm (t) are the m'™ modal radial displacements, with m being the nodal index. Substituting
Egs (3.16), (3.17) and (3.18) into Eq. (3.14) and exploiting the orthogonality properties of
cos m¢ and sin m¢ yields a set of 2M equations:

N,
—lm Z Fy,sinmog, = —Q%hm, [@m, sin mQt + by, cos mOt] (3.19)
n=1
Gm + QgmPm + ThmGm + km@m + Qmmky,pm
N,
—lm Z Fyp cosmog, = —hy, [—bp, sin mQt + a,y, cos MmO (3.20)
n=1
2(m2-_1)2 2(m2-3 2 2.1
where Ky, = o™ 7(72”2+11) = TS:;Z+1 )7 Im = mn<17;l+1 )7 lm = prRT(n;QJrl)'

By defining vectors x = [p1 q1 p2 @2 .. DM qM]T and Fg = [Fg Fso ... FSNS]T, equa-
tions (3.19) and (3.20) can be rewritten in matrix form as

%+ (1Co — QC1)x + (Ko — QK1 )x — LEIF,
M
= —Q%Hy Y [Wap_1 sin mQt + Way, cos m€t] (3.21)

m=1

where the block-diagonal matrices involve submatrices

T e
and are given by

Co = diag( kila, koly, ... kyly ),

Ci = diag( ¢iJ2, 92J2, ... guJd2 ),

Ko = diag( ki, koo, ... kyIz ),

K, = diag( k1J2, 2koJ2, ... MkyJs ),

Hy, = diag(hlIQ, holy, ... hMIz),

L = diag( I, b, ... Iyl ),

W = diag( (a1I3 + b1J2), (aols + baJ2), ... (aM12+bMJ2))

Also, W; denotes the 4t column of W. The matrix E; is a force distibution matrix that
introduces a modal coupling according to the support positions:

singg;  Ccosgs1  sin2¢s oS¢y - sinMapgy  cos Mg

- sin gy COShsa  Sin2¢s  cos2psy -+ sin Mogy  cos Mpgo
s = . . . . . .

sin s, €OSPsn, sSin2¢sy, cos2¢sn, -+ sinMogn, cos Mgy,

A set of radial displacements y = [y(¢1,t) y(do,t). .. y(¢K,t)]T may be defined for a
general set of fixed angular positions ¢1, ..., ¢x. These will equal the summation of the
displacements due to elastic deflection and the initial non-circularity, as given respectively
by Egs (3.16) and (3.18):

M
y=u+4u,=E (x + ) (Wap 1 sinm€t + Wy, cos mQt)> (3.22)

m=1
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where

sing; cos¢p sin2¢; cos2¢; --- sinM¢@; cos M@
E singo cos¢y  sin2¢s  cos2¢y -+ sin Mgy  cos Mo
singg cos¢r sin2¢xg cos2¢x - sin Mg cos Mok

In practice, the vibration of the rotor wall may be observed by measuring the rotor
surface position using non-contact sensors such as proximity probes or laser vibrometers.

3.3.2 Discrete space-fixed spring-damper supports

For a discrete radial bearing unit with linear stiffness and damping properties (with coef-
ficients kg, and cgy,, respectively), the applied force is given by

an(t> = FOn + Csny(¢sn7 t) + ksny(¢sna t) (323)

where Fy, is a preload. From Eq. (3.22), the bearing forces may be expressed in matrix
form as

F, = Fy+CE;x+KEx

M
+ (QCE S + K E;) Z (Wap—1 cos mQt + Wy, sin mft) (3.24)
m=1
where
C, = diag(csl, Cs2, ... CsN, ),
K, = diag( ka1, ks, ... ksn, ),
S = diag( J2, 2Ty, ... MIJy)

Substituting Eq. (3.24) in Eq. (3.21) and rearranging yields

M
X+ Cox + Koz = fy + Hg Z (W, —1 sin mQt + Wy, cos mQt) (3.25)

m=1

where

Co = 7Co+LE!C.E, - QC,

Ko = Ko+ LE'K.E, - 70K,

Ho = —0H-QLE!C,E,S - LE'K,E,
f, = —LEIF,

Equation (3.25) describes the forced response behaviour due to non-circularity, where the
mechanism for excitation is embodied via the time-dependent terms on the right side of
the equation. The excitation behaviour depends critically on the matrices ESTKSES and
ESTCSES, which depend on the bearing unit characteristics and locations. To reveal the
nature of this influence, numerical results are presented in Section 3.
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3.3.3 Steady-state solution

It may be assumed, based on linearity, that the solution for steady-state vibration takes
the form

M
x(t) = Ao+ Z (A, (Q) sin mQt + B, (Q2) cos mOt) (3.26)

where A, B, € R*M*1 After substituting Eq. (3.26) in Eq. (3.25) and using the method
of undetermined coefficients, we obtain

Ay = Ko_ofy (3.27)
Anl  [Ko—(m?2T —-mQCq | '[ HoWapn_1 (3.28)
B,, o mOCq Kq — (mQ)%1 HqoW,,, ’

where I € R?M>2M g the identity matrix.

From a practical point of view, it is useful to be able to predict the vibration of the rotor
wall that would be observed at a fixed point in the stationary frame. This is important
when the rotor has finite clearances with surrounding components that are fixed in space. It
will also correspond to the vibration that would be measured by surface proximity sensors.
The solution can be obtained by substituting Eq. (3.26) into Eq. (3.22):

M
y=-EAy—E Z (A, + Waop,—1) sinmQt + (B, + Way, ) cos mSQ] (3.29)

m=1

3.4 Numerical study

To investigate the vibration behaviour of a thin-walled rotor for cases with spring-damper
supports, a numerical study has been undertaken. The considered properties correspond
to an experimental rotor with length 51 mm, radius 111 mm and wall thickness to radius
ratio d/R = 5/179. The rotor was manufactured by electric discharge machining from
martensitic stainless steel (grade 420 J). Further properties are given in Table 3.1. Table 3.2
shows the natural frequencies for free vibration of the rotor obtained from the inextensible
ring model Eq. (3.6) and from 2-D thin-shell models, as detailed in the appendix. The
difference between the inextensible case and full 2-D model is very small, as expected
for the given d/R value. With the classical DMV assumptions for thin shells there are
significant differences. Importantly, the neglected terms result in an erroneous imbalance
of internal forces and so the natural frequency for the rigid body modes (m = 1) is non-
zero. Such errors are unacceptable for combined rotor-bearing system modelling where the
modified dynamics, including rigid body modes, must be captured accurately.

Firstly, the case of unsymmetrical two-spring supports will be presented to show the
basic behaviour predicted by the proposed model (Eq. (3.25)). Cases with symmetrical
and unsymmetrical bearing supports will then be compared to examine the effects from
symmetry and multiplicity.

3.4.1 Unsymmetrical two-spring supports
Two orthogonal supports are considered with the following properties
ds1 =0rad, kg =90 kNm ™! ¢y =9 Nsm™!

¢s2 = m/2rad, ke =225 kNm ™!, cip =225 Nsm™?
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Table 3.1: Rotor properties

Parameter Symbol  Value Units
Rotor radius R 111.0 mm
Wall thickness d 3.1 mm
Material density p 7740 kgm™3
Young’s modulus E 2x 10" Nm—2
Axial length l 51 mm

Table 3.2: Theoretical natural frequencies (in Hz) for flexural vibration of free non-rotating

rotor
m
Model 1 2 3 4 5
Inextensible ring model (Eq. (3.6)) 0 157.673 445965 855.099 1382.88
2-D thin-shell model (Eq. (3.10)) 0 157.659 445.918 855.001 1382.71

2-D model with DMV assumptions (Eq. (3.12)) 41.550 210.226 501.698 912.080 1440.46

Zero preload is assumed (fy = 0). The material relaxation time is 0.1 ps. All calculations
are based on a 24'"™ order model (M = 24) for the rotor in Table 3.1.

For presentation of the results, the non-circularity is considered with coefficients a,, =
0 um and b,, = 1 um, m = 1,2,...,24. For observation at a single location, and in
accordance with Eq. (3.29), the vibration response may be defined in terms of the following
amplitude/phase parameters:

am(Q) = _E(Am + W2m—l)u ﬁm(Q) = _E(Bm + W?m)7 } (3 30)
Ym(Q) =V O‘%z + 57%1; wm(Q) = tan*%ﬁm/am) .
The observed vibration can then be expressed
M
yi(t) = You(Q) sin(mQt + ¢ () (3.31)
m=1

Equation (3.25) shows that, for a given speed €2, the forcing frequencies are w = 2, 202, 30,
.oy 24Q). The response amplitudes Y;,,(2) may be evaluated for each harmonic frequency
mS2 based on Eqs (3.28) and (3.30).

Suppose that the observation of vibration is made at angular position ¢; = 7/24 rad.
A plot of the amplitude of each harmonic component of the vibration over the (£, m§)
plane is shown in Fig. 3.2. For illustration, harmonic amplitudes for a rotational frequency
of 60 Hz are highlighted as vertical lines at points (60, 60m) Hz having height Y,,,. For
varying rotational speed, the frequency response due to the m™
is defined in the domain w = mf2.

The Campbell diagram shown in Fig. 3.3a was constructed from the numerical eigen-
solutions for Eq. (3.25) for a set of discrete € values. The resonant peaks in Fig. 3.2 align
with the natural frequencies shown in the Campbell diagram. Note that some splitting of
the natural frequencies occurs at zero speed due to the asymmetry of the discrete supports.
The ‘front’ view of Yy as a function of {2 is shown in Fig.3.3b. Resonance conditions are
observed for Y, at the intersections of the line w = 4Q and the natural frequency lines

non-circularity component
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Figure 3.2: Response amplitudes due to non-circularity excitation

in the Campbell diagram. Clearly, if the rotor has high order non-circularity then many
resonance conditions can arise during spin-up or spin-down.

3.4.2 Effect of symmetry and number of supports

To show the effects from symmetry and multiplicity of supports, four different cases are con-
sidered, as detailed in Table 3.3. Equal support stiffness and damping ks = 17450 Nm™!,
cs = 1.7450 Nsm™! are assigned for the 3-support cases and ks = 4131 Nm™!, ¢, =
0.413 Nsm™! for the 12-support cases.

The Campbell diagrams for the cases with non-symmetrical supports are shown in
Fig. 3.4a, and the harmonic response amplitudes Y3 5 shown in Fig. 3.4b and c. The
natural frequencies of the two rigid body modes are split for these cases. The flexible
mode natural frequencies depend on the stiffness of the supports but are not affected
significantly by the symmetry or number of supports, as the support stiffness is relatively
low. Resonant peaks are seen at all crossing points of the lines w = m{2 and the natural
frequency lines in the Campbell diagram.

For the symmetrical cases with equally spaced supports, the Campbell diagrams are
shown in Fig. 3.5a, and the response amplitude Y5 5 for each case shown in Fig. 3.5b and
c. For these cases, a resonance occurs at only some crossing points. Also resonance is not
seen at all if there is a sufficient number of supports (see Fig. 3.5¢).

These phenomena can be related to the structure of the matrix Hq in Eq. (3.25), as
this matrix determines the coupling of each excitation harmonic with each mode. The
dominant term in Hg is LE;FKSES. The 2 x 2 submatrices that make up EEKSES are
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Figure 3.3: (a) Campbell diagram (b) Response amplitude in domain w = 4Q
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Table 3.3: Cases with different numbers and positions of supports

Supports Support positions
3 symmetrical 0,%”,%“

3 non-symmetrical 0,%,%

12 symmetrical 0,%,2—”,%’,...,11—”

: 7w 2w 4w 6w 9w 127 16w 20w 257 30w 367
12 non-symmetrical 0,57, 57, 579751 » 91 + 21 > o1+ 91 > 21 > o1

given by

s siniggy, sin j¢ siniggy, cos jo

KZ: s .STL‘ -STL .S'I’L 'Sn . 2

i =k Zl [ COS igy SIN jsp,  COS 1dsp COS JDsn (3.32)
n—=

This matrix determines the excitation of the mode with nodal index i by the j* non-

circularity harmonic. From the numerical study, it is found that if the off-diagonal subma-
trices (i # j) are non-zero then one or more resonances are observed. For non-symmetrical
supports, K;; # 0 for i # j, and this leads to a coupling of every non-circularity excitation
harmonic with every rotor mode. In the case of symmetrical supports, K;; = 0 for all ¢ # j
and ¢ 4+ j < N and so resonance is only oberved for some crossings involving sufficiently
high nodal index and non-circularity harmonic. In addition, if the number of supports N,
is larger than the model order then ET K, E, becomes a diagonal matrix and no resonance
is observed. Physically, with many identical supports, a given location fixed on the rotor
does not experience any variation in loading from the supports and, therefore, there is no
excitation from non-circularity.

Clearly, the resonance of a rotating non-circular ring interacting with space-fixed sup-
port can be avoided by having a sufficient number of identical evenly spaced supports.
An alternative approach to avoid resonance with active magnetic bearing supports is to
generate a distribution of actuation forces that couples only with the rigid body modes (by
satisfying an orthogonality condition with respect to the flexural mode shapes). A system
design based on this scheme has been tested, and results are described in the following
section.

3.5 Chapter summary

This chapter has introduced a mathematical model for the vibration of a thin-walled cylin-
drical rotor subject to small non-circularity and coupled to space-fixed bearing supports.
Rotor non-circularity has been shown to give rise to multi-harmonic excitation of the rotor-
bearing structure. Whether a resonance occurs at a predicted critical speed depends on the
multiplicity and symmetry of the bearing supports. Generally, a large number of evenly
spaced identical supports will eliminate the possibility of low order resonance conditions.
The modelling approach can also be applied to thin-walled rotor-AMB systems by ac-
counting for feedback controlled electromagnetic actuators within the formulation. This
is considered in detail in chapter 5. A limitation of the simplified 2D model is that axial
variation in wall deflection was not addressed by the modelling.
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Chapter 4

A distributed actuation magnetic
bearing for thin-walled rotors

4.1 Introduction

For all rotating machinery, vibration phenomena arise from the interaction of rotating parts
with fixed bearing components. Classical rotordynamic considerations deal primarily with
lateral vibration of rotors due to asymmetries arising in manufacture and installation, such
as rotor unbalance or component misalignments [27, 66]. A key issue is that the natural
modes of vibration for the rotor-bearing structure give rise to critical speeds at which
resonance occurs during operation. Damping of rotor flexible modes to allow supercriti-
cal operation can be achieved with passive components, such as magnetic or squeeze-film
dampers [44, 80|, or by active techniques e.g. with actuated bearings [57, 59]. For sys-
tems with active magnetic bearings (AMBs), optimized feedback controller designs can be
usefully applied [15, 55, 53, 81]. Active control methods that involve direct vibration can-
cellation are also possible, e.g. based on adaptive cancellation [54, 16, 24|, notch-filtering
of feedback signals [30] or repetitive control methods [19].

For hollow rotors, the natural frequencies for vibration due to lateral bending will
become much higher than the rotational frequency range if the ratio of wall-thickness to
radius is sufficiently small. However, excitation of vibration within the wall of the rotor
then becomes a new concern. Further issues may relate to stress-concentration that occurs
where the rotor wall connects with supporting bearing components. One possible approach
to overcome these issues is through the use of distributed AMB elements that can support
a rotating component by applying forces over a larger surface area than is possible with
mechanical bearings. The potential to apply control forces to actively suppress vibration
within the wall structure of the rotor is also significant.

This paper introduces a new design topology and control approach for the integration
of a distributed AMB with a thin-walled rotor. Although AMB designs for hollow cylinder
and ring-like rotors have been previously reported, the rotor walls were sufficiently thick
that their distortion could be neglected, and so control considerations focused on rigid
body dynamics [65] or vibration due to lateral bending [50]. In this paper, a hollow rotor
is considered for which the walls are so thin that their flexibility cannot be neglected in
the actuation and control strategy. Although the results here involve analysis and exper-
imentation on a short cylindrical rotor, an applicability to more complex rotor structures
is foreseen and may be evaluated fully in subsequent work.
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array of electromagnetic actuators

thin-walled rotor

Figure 4.1: Multi-actuator radial AMB concept for interfacing with a thin-walled cylindri-
cal rotor (cutaway).

4.2 Conceptual approach

A concept for active bearing interfacing with a thin-walled rotor structure is exemplified by
the circular array of electromagnetic actuators shown in Fig. 4.1. This topology would be
appropriate for an internal radial bearing applied to a hollow rotor/shaft system. Similar
concepts for internal/external radial, thrust and combination bearings can also be envis-
aged. For reasons that will become clear, the j** actuator has a number of independently
powered coils (indexed by k) with number of turns Nj; and regulated current iz;(t). Ne-
glecting eddy current and saturation effects, the magnetic field strength B; within the
actuator core is given by (see [82])

Ho .
Bi=— —— E Npitg, 4.1
g liron/,ufr 23]' L Rtk ( )

where liro, is the mean flux path length through the actuator core and rotor wall, s; is
the size of the air gap between the rotor and actuator, ug is the permeability of free space
and p, is the relative permeability of the core material. The geometry of an archetypal
E-shaped actuator is shown in Fig. 4.2. With a further assumption of uniform magnetic
field, the attractive force between the actuator and rotor is

F; = ﬁBf (4.2)
Ho
where A, is the pole-face area.

A main difference between the proposed topology and that of a standard AMB is the
number and size of the electromagnets. The potential utility of any AMB is dependent on
the load capacity for a given axial length of bearing. The specific load capacity (force per
unit area) is fundamentally limited only by magnetic flux saturation, which is material-
dependent. Therefore, downsizing of the actuator to match the wall thickness should have
little effect on the overall capacity if the total pole face area is preserved. Rather, the main
issue that arises is that the same current-turns must be realized with a smaller coil volume,
and this introduces more localized heat generation and stringent cooling requirements. For
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Figure 4.2: Compact E-core actuator geometry.

the tested realization of the concept introduced in this paper, the actuators were operated
sufficiently below maximum capacity that heat generation could be managed by passive
cooling.

The state of the art for AMB control is to use d.c. servo amplifiers to achieve a
controlled variation of the coil currents around a mean ‘bias’ value [?]. Although this
causes the uncontrolled bearing to have unstable negative stiffness properties, it allows the
design of feedback control algorithms based on linearized models. To make effective use of
a large array of actuators, the current in every coil should be varied according to real-time
measurements of rotor motion. It is beneficial, for reasons of cost, reliability, weight and
size, if this can be achieved with the minimum possible number of drives and sensors.

For industrial applications, it is also desirable that feedback control strategies can
be designed using simple models or test procedures, at least to achieve initial levitation
and stable operation of a rotor. It is with this motivation that an actuation strategy
is proposed (in Section IV) for flexural mode decoupling such that the consideration of
rigid body dynamics and PD gain tuning is sufficient to achieve stable operation with
acceptable vibration behavior during rotation. The expectation is that more sophisticated
model-based feedback control or vibration suppression algorithms may then be designed
and implemented as add-on controllers to improve overall performance with regard to
flexible mode damping and vibration suppression. However, such extensions are outside
the scope of the current paper.

4.3 Dynamic behavior of a thin-walled rotor

4.3.1 Wall vibration

To understand the interaction of rotor wall vibration with AMB operation, a mathematical
model is first developed based on the established shell-theory for vibration of thin-walled
cylinders [46], but with modifications that take account of rotational effects [27, 22]. Ac-
cording to Fig. 4.3, a reference frame (X', Y’  Z) rotates with the rotor at constant angular
speed () about the fixed axis OZ which is the axis of symmetry for the undeformed rotor.
Deformation of the cylinder walls in the radial x-direction is given by w,. (¢, ) and deforma-
tion in the tangential y-direction is given by v, (t, ) where 6 is the angular position defined
relative to the reference line OX’, fixed in the rotating frame. The governing equations
may be derived as shown in Chapter 3, leading to
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Figure 4.3: Local (z,y,z) and fixed global (X,Y,Z) coordinate systems for describing
vibration of a hollow cylindrical rotor.
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where wg = \/F1,/pr*A and the assumption of circumferential inextensibility u, = dv,. /90
has been applied [?].

Solutions to (4.3) can be obtained in the form u,,(t,8) = Py, (t) sin mf 4+ Qp, (t) cos mb
where m is the nodal index and corresponds to the (integer) number of wavelengths that
fit within the rotor circumference. The corresponding mode shapes for the first four modes
are shown in Fig.4.4. Writing Eq. (4.3) in terms of u, = 0v,/06 and then substituting
up = Pp(t) sinmb + Qp,(t) cosmb and exploiting the orthogonality properties of cosmé
and sin mf leads to

(m? + 1) Py, + 49mQ, + Twim?(m? — 1)2P,,

m?2sinmlp

+ [2m2(m? — 3) + wim?*(m? — 1)?| P, = F (44)

wprA

(m? +1)Qu, — 4QmP,, + Twim?(m? — 1)*Qum

m? cosmbp

+ [2m2(m? — 3) + wim*(m? — 1)%)Q, = WF (4.5)

Here, a force F from a single bearing actuator has been accounted for by assuming the
force is applied in the radial z-direction at position # = 0 so that f, = 6(0 — 0p)F/r.
Equations (4.4) and (4.5) can be expressed in first-order matrix form

X, =AEX, + B,(0p)F, m=1,..,00 (4.6)
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Figure 4.4: Mode shapes for vibration of the walls of a hollow rotor. Natural frequencies
are shown for non-rotating case.

where X, = [Py, Qm P, Qm]T and

0 0 1 0

AR 0 0 0 1
m =k — Q2di, 0 Tk —Qgm
0 ko — 2y QU —Th

Bp(8) =by, [ 0 0 sinmb cosmb ]T

with
m?(m? — 3) om?(m? —1)?
m = T 5 1 km =Wy——5 1
m? + 1 m? + 1
_dm - m?
Im = " mprA(m241)°
The solution for wall vibration is given by
oo o0
u(t,0) = Z U (t,0) = Z P, (t) sinmb + Qp, (t) cosmb (4.7)
m=1 m=1

where P, (t) and Qn,(t) satisty (4.6).

4.3.2 Fixed-frame dynamics

A transformation to stationary frame coordinates may be undertaken by defining the
fixed frame angular position as ¢ = 6 + Qt. Then, the radial displacement is wu,,(t,¢) =
P (t)sinm(¢p — Qt) + Qu(t) cosm(¢p — Qt) = py(t) sin mQt + ¢, (t) cos mSt where p,,, and
qm are fixed-frame modal displacement variables. This transformation involves a rotation

matrix:
P, | | cosmQt —sinmQt Pm
Qm | | sinmQt cosmt Gm |’
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By substituting this expression in (4.6) and assuming the force F' is applied at a fixed
angular position ¢p in the stationary frame, so that 0 = ¢p — Qt, we can finally derive
the fixed-frame state space equations describing the vibratory dynamics of the free rotor:

[ i: ] B [ Aoi?s?z) E{if;z) } [ o ] + Bu(ér)F.

m=1,..,00 (4.8)
where ., = [pm ¢m]’ and
- —km mQ7k,, B —7km —Qgpm + 2m
Am(8) = [ —mQ7ky, —km } » (@) = { Qgm — 2mA —Tkm
The deflection of the rotor wall at angular position ¢ is
u(t, ¢) = Z P (t) sinme + ¢y, (t) cos me. (4.9)

m=1

The natural frequencies for free vibration, and the variation in their values with rota-
tional speed, are important for rotordynamic behavior. These may be determined from the
eigenmodes of equation (4.6) and (4.8) for observation in the rotating frame and fixed frame
respectively. For each integer value of the nodal index m there are two natural modes. For
non-zero rotational speed, their natural frequencies are distinct due to the Coriolis terms
+Qg,, in (4.6). For flexural vibration (m > 1) the lower frequency mode corresponds to
a forward traveling wave while the higher frequency mode is a backward traveling wave.
The m = 1 mode involves rigid body translation and both natural frequencies are equal to
the rotational frequency (for rotating frame observation). Campbell diagrams for the free
rotor are shown in Fig.4.5.

To assess the potential for excitation of these modes, the natural frequencies should
also be evaluated in the fixed frame (Fig.4.5b). It may be observed from the eigenvectors
of AF that, for each value of the nodal index m > 1, the natural frequency for the forward
traveling wave (which is now the higher value) increases monotonically with increasing
rotational speed. For the backward traveling waves, the observed frequency decreases
with increasing speed, converging toward zero. The potential for resonance may be antic-
ipated due to excitation sources having frequencies that are harmonics of the rotational
frequency, as also shown in Fig.4.5b. The presence of higher harmonics could lead to
many resonance conditions during spin-up/spin-down as indicated by the crossing points
in Fig.4.5b. These would arise due to unwanted asymmetries associated with the rotor
geometry (non-circularity) or material properties. These characteristics are examined more
closely for the experimental rotor-bearing system under closed loop control in Section (4.5).

4.4 System modeling for control analysis

4.4.1 Actuated rotor

A state space model of the rotor-bearing system, accounting for an array of J actuators,
is obtained from (4.8) as

[ i: ] - [ AO;?;Z) z{i?;z) ] [ i } +§Bm(¢;‘)Fj (4.10)
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where the j™ actuator is located at angular position ¢ = ¢5. The radial displacement at
the j* actuator location is

uj(t) = Z pm(t) sinmej + g (t) cosmej. (4.11)

m=1

The radial displacement at sensor location ¢; is

yi(t) = Z P (t) sinme; + gy, (t) cosme;. (4.12)

m=1

If each actuator has two-coils then, according to the model (4.1)-(4.2), the actuator force
is

o p0Ap(Niji1; + Nojioj)?

J (l() — 2Uj)2

where lo = liyon/pr + 250 for equal gaps (s; = sg). A coil driving scheme with four drives,
each used to power a series connection of a subset of coils with varying number of turns,
may be considered as shown in Fig. 4.6. Suppose the currents produced by the four drives
are specified by a differential scheme using a fixed bias current ¢y and two control currents
ic1 and ico so that i1(t) = 19 £ic1(t) and ia(t) = ip £ ic2(t) (with the sign dependent on
which drive is connected to the coil). Defining coil-turn parameters 7;; and 7; that may
take positive or negative values according to which drive is connected, but also satisfy
Inj| = Nij, |m2;] = Naj, the actuation force may be expressed

(4.13)

_ HoAp(|mylio + myier + [maslio + majica)?

F; 4.14
J (lo — QUJ‘)Q ( )
Linearizing about a given operating point, denoted F, gives
Fj i~ F()j + aljicl + agjicg + hjUj (4.15)
where
. . . . QMQA
a1 = n1;(|mlio + nujict + [n2;lio + 7721‘%2)@0_212)2‘5
) . . . 2u0A
az; = n2;(|n2;i0 + mjic1 + [n2;lio + 772ﬂc2)(l0_25j)2‘E7
4o A,

hj = (Imlio + nujicr + |m2jlio + 772jic2)2(102u.)3)E'
7

The parameters a1, ag; are force/current gains for the actuator, while h; is the force /displacement
gain and acts as a destabilizing negative stiffness. The constant force components Fp; may

cause some small distortion of the rotor, but can be neglected for dynamic analysis. Defin-

ing the block diagonal matrices A = diag(A1, Ag, ..., Apr), ¥ = diag(X1, Yo, ..., Xar), the
linearized state-space equation for the open-loop dynamics, retaining M modes, is obtained

from (4.10) and (4.15) as

i’ . 0 I XT O icl
)= lashe 2 ][5 ][ mua ) [0 (119
where A" = BUHUT and

B = diag(by, b1, b2, b, ..., bar, bar),
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Figure 4.6: Coil winding and driving scheme for levitation control.

H = diag(hy, ho,...,hy),

sin ¢f singg ... singg
cos ¢ cosgy ... cos¢y
sin2¢¢  sin2¢§5 .. sin2¢%
a a a
U = | cos2¢f cos2¢f .. cos2¢G |
sin M¢{ sin M@y ... sin M9
| cosM@] cosM@3 ... cosMoF |
ail a1
a2 a2
A= .
aig a2J

4.4.2 Coil winding scheme

The aim now is to determine a coil configuration that will admit stabilizing control at
a nominal operating point using feedback of measured rotor radial positions at discrete
locations only. Standard non-contact displacement sensors may then be used, though
preferably as few as is possible. A key issue is that, under these assumptions, there will
always be actuators that are not collocated with sensors and so it can be anticipated
that the stability of higher order modes will need to be considered when synthesizing an
actuation/control scheme. The approach taken here is to adopt a winding scheme that
(for a given operating point) decouples the net actuation forces from the flexural modes of
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the rotor wall (m > 1). Such a decoupling requires that all but the first two rows of the
matrix BUA appearing in (4.16) are zero. This requires

E}le sinme§ ag; =0

. m=23..00q=12 4.17
Z;Llcosmgi)?aquo " 0o d (4.17)

Suppose the actuators are spaced evenly. These equations then hold if a4; take values
given by
aij = asin@j, agj = acos ¢ (4.18)

for some constant «. The orthogonal rigid-body displacements p; and ¢; will then couple
independently with 7.7 and i. respectively. In this case, the applied distribution of ac-
tuation forces will have the form shown in Fig. 4.7 and can exactly oppose a rigid-body
acceleration without exciting flexural modes or causing distortion of the rotor cross-section.
Moreover, a feedback controller design can be undertaken by considering requirements for
stable levitation of a rigid rotor, i.e. by considering the rigid body modes only, without
concern for destabilization of the flexural modes.

To achieve modal decoupling for a disturbance-free operating point 7.1 = ic0 = u; =0
requires

2i0qu .
arj = mj(lm;| + o) =7 = asin ¢ (4.19)
0
2igpo A
agj = 12 (|my | + \%’DT‘D = acos ¢ (4.20)
0
432110 A
hj = (s + o) =0 = constaunt. 420
0

The equation (4.21) ensures that WH W7 is a diagonal matrix and so the negative stiffness
effects do not introduce cross-coupling of the rigid body and flexural modes. To achieve
all three constraints (4.19)-(4.21), some extra design parameter (in addition to the coil’s
numbers of turns) would need to be adjusted for each actuator (such as the nominal air
gap or pole face area). This will add considerable complexity to the manufacture and
assembly of the system and so, for the bearing realization in this paper, the design is based
on satisfying the first two constraints (4.19) and (4.20) only. The solution for the number
of coil-turns is then

Ny sin d)? Ny cos (b?

\/|sin¢?|+\cos¢?| \/|Sin¢?‘+1005¢?|

where Ny is the maximum number of turns and some rounding will be necessary to get inte-
ger numbers. By substituting (4.22) in (4.19)-(4.21), it can be seen that o = 2NZiopoAp/13
and the resulting negative stiffness for each actuator is given by

ANGigpo Ay

hj = (|sin¢j| + | cos ¢5|) 3 (4.23)
0

4.4.3 Closed loop dynamics

A general PD-type feedback law using measured displacements and their derivatives has
the form

[ier ieo || = —Kpy — Kaj (4.24)
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Figure 4.7: Actuator force distribution for rotor flexural mode decoupling.

where K, and Ky are matrices with dimensions 2 x N, where N; is the number of sensors.
According to (4.12), the displacements may be expressed

y =0Ty (4.25)
where
sin ¢ sin ¢35 sin g
cos ¢ cos @5 cos gy,
sin2¢]  sin2¢3 sin 297,
U, cos2¢]  cos2¢3 CoS 29 s
sin M¢§ sin M3 sin Moy
| cosM¢@7 cos M3 cos Moy |
The linearized closed loop dynamics are then given by
x 0 1 x|
[i}_[A—i—A"eg—l—AP z+de¢_ (4.26)

where A, = —BVAK, VT and ¥y = —~BVAK, ¥ are matrices of size 2M x 2M for which

only the first two rows are non-zero (based on the decoupling condition previously defined).
Isolating the state equations for the rigid body dynamics (m = 1), we have

i‘l - 0 [ X
i | | ATY - EK, VL, —FEK,VL i
where Wy is the first two rows of ¥, and

ne > ;sin® ¢ 0 3 sin? ¢ 0
Alg:blh1|: J J 2 a ,E:bla J J 2 a
0 Zj cos” ¢ 0 chos ok

According to (4.27), a stabilizing controller may be obtained by selecting K, and K4 such
that EKp\I/:;q and EKd\I»'Z1 are symmetric matrices satisfying

(4.27)

EK, UL, — AT >0, EK,9L > 0. 4.28
p 1
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Table 4.1: Rotor properties

parameter symbol  value units
rotor radius r 111.0 mm
wall thickness d 3.1 mm
material density P 7740 kg/m3
Young’s modulus E 2 x 101 N/m?
characteristic frequency wo 369 rad/s
axial length 51 mm
rotor mass 0.853 kg

Given that the number of sensors may be two or more, a control law that gives equal
weighting to each sensor signal may be defined:

K, = k(U UL) 1, Ky = kg(Ta0h) 10 (4.29)

where k, and kg are positive scalars. From (4.27), the rigid body natural frequencies and
damping ratios can be determined as

Wna :\/b1 (aky — hy) Z cos? ¢, (4.30)

J

Wny :\/bl(akp — h1) Z sin? %, (4.31)
J

brak brak
Ce = J1akd Zcos2 o, G = 1o Zsin2 b5 (4.32)
J

2Wne 2Wny

J

An issue that must still be considered is that transmission of radial load through the
bearing, typically due to the rotor weight or other quasi-static loading, will produce a
change in operating point so that the decoupling condition (4.17) is no longer satisfied
exactly. This will introduce additional non-zero entries in the matrix YA and hence a
coupling of the flexible mode dynamics with the levitation control will arise. To quantify
these effects and determine their impact on stability, a numerical study is undertaken in
Section V.

4.5 Evaluation

4.5.1 System description

To evaluate the proposed AMB concept, the experimental prototype shown in Fig. 4.8
was created. The system comprises a short (51 mm length) rotor with diameter 222
mm. The ratio of wall thickness to radius is d/r = 0.0279. The rotor is made from a
martensitic stainless steel (grade 420J2) with inner and outer surfaces finished by electric
discharge machining. Full properties are given in Table 4.1. The internal bearing comprises
a circular array of 24 actuators with E-shaped cores, having coils wound on the central
claws. Key parameters for the actuator design are listed in Table 4.3. To reduce losses
from eddy currents and help maintain actuator bandwidth, the actuator cores have been
machined from a soft magnetic powder-sintered steel (Somaloy SPM). The actuator coils
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Figure 4.8: Experimental system: Active magnetic bearing with distributed actuation
applied to a thin-walled cylindrical rotor.

Table 4.2: Actuator coil winding scheme.

actuator 1 2 3 4 5 6 7 8 9 10 11 12
Ny 0 16 30 42 52 61 70 61 52 42 30 16
No 70 61 52 42 30 16 0 16 30 42 52 61

actuator 13 14 15 16 17 18 19 20 21 22 23 24
Ny 0 16 30 42 52 61 70 61 52 42 30 16
No 70 61 52 42 30 16 0 16 30 42 52 61
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Table 4.3: Actuator properties

parameter symbol value units
number of actuators J 24

pole face area Ap 100 mm?
core flux path length Liron 100 mm
mean gap size S0 0.8 mm
core relative permeability L 300
maximum number of turns Ny 70

bias current 10 2.2 A

are connected in series as four sets and driven by four d.c. servo drives, as shown in Fig. 4.6.
The coil winding pattern is given by (4.22) with Ny = 70, as detailed in Table 4.2.

The rotor is connected axially by four thin flexures to a disk driven by a brushless d.c.
motor. This rotor-disk coupling was designed to constrain axial and tilting motion of the
rotor and transmit driving/braking torque, but without significantly affecting the radial
dynamics of the rotor and wall, as described by the theoretical model introduced in Section
(4.3). Hence, stable levitation of the rotor can be achieved only by energizing the actuators
based on feedback of rotor radial position, which is measured by non-contact inductance
probes located internally. The radial stiffness of the coupling, which is approximately
500 N/m, makes a very small contribution to the overall radial stiffness of the bearing
under feedback control. Small rollers may be fitted to the bearing hub to act as touch-
down bearings and help avoid rotor-stator contact. These were not fitted for the photo in
Fig.4.8, but were deemed necessary for high speed operation in case of faults, failures or
dynamic instability. The maximum operating speed is approximately 40 Hz due to power
limitations of the driving motor.

The feedback control algorithm (4.24) was implemented digitally with PC-based hard-
ware and with real-time code generation using MATLAB xPC Target software. The sam-
pling frequency was set to 4000 Hz. The rotor velocity variables ¢ were calculated from
the position signals based on a first order difference equation with break frequency of 1000
rad/s.

4.5.2 Numerical analyses

Vibration and stability properties may be predicted using the reduced order closed-loop
model with PD feedback control, as defined by (4.26) and (4.29). A PD control law is intro-
duced with k, = 5700 A/m and k; = 10 As/m which, according to the theoretical model,
results in a damped natural frequency of 25 Hz for rigid-body motion with damping at 32%
of critical. The resulting net stiffness of the bearing is approximately 20,000 N/m. Low
gain integral feedback may also be usefully applied to eliminate static positioning errors,
but the effect on vibrational stability will be small. The effect of various perturbations
can be investigated by modifying the operating point for linearization. This leads to a new
system matrix in (4.26), the eigenvalues of which can be checked for stability. Although
stable operation is predicted for an operating point involving zero load and uniform rotor-
stator gaps, perturbation away from this operating point introduces dynamic coupling of
the levitation control with the flexural dynamics. This impacts on damping and stability
of flexible modes. The level of coupling, and whether it is destabilizing, depends on the
number and location of the sensors.
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Figure 4.9 shows stability boundaries in terms of static bearing load for two differ-
ent sensor configurations. Any sensor configuration will provide stable operation for the
zero-load operating point. It is seen that the two-sensor configuration (Fig.4.9a) has an
asymmetric stability zone, which necessitates that any loading must be suitably oriented
with the sensor axes. Using the four-sensor configuration shown in Fig. 4.9b gives a more
symmetric stability region. For both these cases, it is the first flexural mode (m = 2) that
becomes unstable. This is because, for an equilibrium point that does not involve zero
control currents, there is an imbalance of the actuator gains on opposing sides of the rotor.
This gain imbalance introduces a feedback effect that may be stabilizing or destabilizing
depending on the measured phasing of the modal response. The exact influence of sen-
sor configuration (and other operating parameters) on stability is complex and difficult to
predict without resorting to numerical calculations. It is found that the rotational speed
does not have a large effect on these stability boundaries for the rotational frequency range
considered in this study (0-40 Hz). However, levels of structural damping for the free rotor
will depend on fluid/air effects, which are not accounted for in these calculations.

In gravity environments, using two sensors would be most appropriate for a horizon-
tal axis rotor while the four-sensor configuration would be better suited to vertical axis
systems. For the experiments reported in this paper, feedback control was based on two
inductance probe sensors, oriented as shown in Fig. 4.9a. The system was set up with the
rotation axis horizontal. To match the gravity load with the stability region, the bearing
was positioned with the X and Y axes oriented at +45° to the downwards direction, as
shown in Fig.4.8a. The static operating condition then corresponds to the point marked
o in Fig.4.9a. The total weight of the rotor is 8.37 N.

4.5.3 Experimental results

The experiments reported here focus on steady-state rotordynamic response behavior for
the levitated rotor. The Campbell diagram obtained from the closed loop model (Fig.4.10)
indicates the potential for excitation of both rigid body and flexural modes. Excitation of
flexural modes may be significant if super-synchronous excitation arises due to asymmetry
of the rotor structure, e.g. due to inhomogeneous material properties, non-uniform wall
thickness or non-circularity of the rotor due to machining errors. These effects will share
some similarities with classical mass-unbalance excitation but lead to more complex multi-
harmonic response behavior.

The dynamic characteristics of the rotor-bearing system were assessed experimentally
by frequency response measurements, undertaken at different rotational speeds. Excitation
was achieved using small auxiliary coils wound on actuators 1 and 2 (in addition to the
main levitation coils) which produced localized forcing of the rotor wall close to sensor
1. The results shown in Fig.4.11 are for no rotation. For comparison, model-based pre-
dictions are also presented and these show good agreement with the experimental data:
resonant frequencies for both rigid body and flexural modes are well-matched. Damping
levels for flexural modes are dependent on the initial damping for the free rotor, which
was set to 0.2 % of critical in the model. There are extra resonance peaks appearing in the
experimental data which are associated with rigid body tilting and flexural twisting of the
rotor. These modes are not captured by the theoretical model, for which wall deflection
u is assumed to be independent of the axial coordinate z. It is believed that these extra
modes are excited due to asymmetries introduced by the coupling at one end of the rotor.
Figure 4.12 shows the measured frequency response for different rotational speeds (0, 15
and 27 Hz), from which the splitting of forward and backward mode natural frequencies
with increasing rotational speed is evident. The theoretical predictions for modal frequen-
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Figure 4.10: Campbell diagram for experimental system (levitated rotor) based on theo-
retical model. Experimentally determined natural frequencies are indicated by o.

cies based on thin-shell theory match well with these experimental results, as shown in
Fig.4.10. It is also notable that the twisting mode resonance (at 373 Hz) is suppressed
during rotation.

Figure 4.13a shows measured signals during deceleration of the rotor from an initial
rotational frequency of 34 Hz. A spectogram (short time Fourier transform) of the signal
from sensor 1 is shown in Fig.4.13b. The vibration involves many harmonic components
with frequencies that are integer multiples of the rotational frequency. These arise due to
asymmetry of the rotor shape and properties. The spectrogram shows that many different
super-synchronous components excite the rigid body mode (at 25 Hz) during deceleration.
Although non-circularity of the cross-section is within +50 ym (radial error), the rotor has a
somewhat elliptical shape and this causes a dominant vibration component with frequency
2 x Q. There is only slight evidence of excitation of the m = 2 flexural modes from the
spectogram (more so for the higher frequency forward mode). Given the low damping
and highly resonant behavior seen in the direct frequency response measurements, the
lack of flexural mode excitation during normal operation is significant. This can be at
least partly attributed to the distributed actuation scheme, which has been designed to
minimize excitation of the flexural modes through the bearing.

4.6 Chapter summary

This chapter has described a new active magnetic bearing design and control approach
for supporting thin-walled rotor structures. The design embodies a distributed actuation
scheme, synthesized from a theoretical description of rotor vibration with the aim of de-
coupling the levitation control system dynamics from the flexural dynamics of the rotor
wall. The approach has been validated by both analytical and experimental studies fo-
cusing on stability and vibration behavior of a short-length rotor-bearing system. The
results are encouraging and motivate further application of the distributed actuation ap-
proach to more complex thin-walled rotor systems, including those with multiple bearing
units or multi-directional actuator distributions. This will facilitate new approaches to
rotor-bearing system design and active vibration control for various machine types.
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Chapter 5

Control methodology for a DAMB
and thin-walled rotor subject to
noncircularity

5.1 Introduction

Active magnetic bearings (AMBs) rely on feedback control of electromagnetic actuators
to achieve stable levitation of a rotating shaft. The ability to apply forces to a rotor
without contact eliminates wear and the need for lubrication and permits very high shaft
speeds. Further advantages are derived from the capacity to actively control and suppress
vibration within the structure of a machine [66]. Recently, the application of magnetic
bearings has been considered for hollow thin-walled and annular rotors [13, 65, 50, 23]. In
addition to specialized applications, thin-walled rotor topologies can play a significant role
in future lightweight turbo-machine design [61, 58]. The development of control methods
for a thin-walled rotor-AMB system with enhanced vibration suppression capabilities has
not been previously considered and is the focus of this paper.

For solid-shaft rotors, discrepancy between the inertia axis and the geometric axis of
the rotor causes harmonic vibration that is synchronous with rotation [27]. Early work on
unbalance vibration control with AMBs considered strategies to minimize motion of the
geometric axis of a rotor [52, 48, 41]. Various linear control methods such as repetitive
control, adaptive disturbance rejection and notch filtering can be applied to this problem
[30, 10, 19, 54]. Further advances have been made with strategies that can maintain
stability during large-amplitude vibration subject to non-linear dynamics and contact with
touchdown bearings [14, 8, 74, 12].

Although reducing rotor vibration is desirable to avoid contact or rub, it can cause
unwanted transmission of vibration through the bearing to the machine housing. Further-
more, since unbalance forces are proportional to the square of rotational speed, actuator
force saturation may occur when operating at high speed. Transmission of unbalance forces
can be reduced by adjusting synchronous control forces until the rotor rotates around its
inertia axis. This can be achieved by unbalance estimation methods or adaptive cancel-
lation of synchronous current components [10, 11]. Such methods require that the rotor
is well-balanced and are not appropriate when flexural dynamics dominate the response
behavior.

Additional vibration excitation can arise with the use of proximity sensors for feedback
control. Noncircularity of the rotor cross-section and/or non-homogeneous properties of the
rotor material give rise to erroneous components in the measurement signals, commonly
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referred to as run-out error. These are operated on by the feedback controller, causing
unwanted control currents components that induce multi-frequency vibration of the rotor.
Methods for periodic disturbance cancellation may be applied to reduce both synchronous
and higher harmonic components of control currents [19, 79, 36]. Darbandi et al. employed
sensor run-out identification using an integral adaptive observer [20]| while Setiawan et
al. proposed an adaptive algorithm for sensor run-out compensation achieving asymptotic
stability of the rotor geometric center [67]. These papers focus on rotors that are effectively
rigid and so dynamic models and stabilization schemes involve relatively simple parametric
formulations.

Vibration control for flexible rotors with multiple excitation sources is more challenging
[60]. The need for complex dynamic models may be avoided by using online identification
routines to determine speed-dependent control influence coefficients. Optimized control
can then be achieved even with complex multi-input multi-output dynamics [17, 51, 62].
For a thin-walled rotor, two main issues must be addressed in the controller design that
do not arise for conventional solid-shaft rotor-AMB systems:

1. Flexural vibration modes involving radial distortion of the rotor wall can play a sig-
nificant role in dynamic behavior and, without due consideration in control algorithm
design, these lightly damped modes can easily destabilize. This is complicated by
the fact that the natural frequencies undergo large changes in value due to speed-
dependent Coriolis effects.

2. Multi-harmonic disturbances arise due to small noncircularity of the rotor cross-
section. This differs to sensor run-out error as the variation in surface position is
associated also with variation in mass distribution and gap size between the rotor
and actuator, causing additional rotor disturbance effects.

An effective control strategy should achieve an acceptable balance of vibration attenuation
and coil current levels irrespective of the exact operating conditions and state of rotor non-
circularity. However, the presence of multi-harmonic vibration, arising through multiple
excitation mechanisms, makes the problem challenging. This paper provides a detailed
analysis of these issues and describes a novel control approach to suppress vibration of a
thin-walled rotor with a distributed actuation magnetic bearing (DAMB).

5.2 DAMB design and control considerations

A distributed actuation magnetic bearing, designed to support a thin-walled rotor, is shown
schematically in Fig. 5.1. An array of electromagnetic actuators (numbering N4) is posi-
tioned, either internally or externally, around the rotor circumference with small uniform
gaps between the pole faces and the rotor surface. Each actuator applies an attractive
force to the rotor that varies with the gap size (dependent on rotor motion/vibration) and
the currents within the actuator coils. To achieve a balanced contact-free support of the
rotor, the position of the rotor surface is measured at two locations using proximity probes
so that the center position may be calculated (subject to noncircularity error) and this in-
formation used in real-time for feedback control of the drives that power the actuator coils.
The principle of operation is similar to a conventional active magnetic bearing. However,
the large number of actuators and thin-walled rotor topology introduce new considerations
in the design and operation of feedback controllers [13].
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Figure 5.1: Thin-walled rotor with distributed actuation AMB support: Schematic diagram
showing (exaggerated) noncircularity of rotor in bearing plane.

5.2.1 Multi-coil distributed actuation approach

A model of the bearing actuator forces for a driving scheme with four drives and up to
four coils per actuator may be considered where the radial force applied to the rotor wall
by the nt" actuator is

(N1nI1 + Noylo + N3l + Nyply)?
(ln/u’/‘ + 23n - 2yn)2

fn:,UOAn N nzl,...,NA. (51)

Here, A, is the total pole face area, [, is the flux path length through the iron (having
relative permeability u,.), the gap size for the equilibrium position is s, and y, is the
radial displacement of the rotor wall local to the actuator. Suppose the coils, having
number of turns Ny, are supplied currents with the same constant bias component Iy so
that I (t) = Io + ix(t) with ix being the control feedback component. Combining all the
actuator forces as single vector fa = [f1 fo ... fn,]7 and linearizing Eqs (5.1) about a
given operating point P gives an equation in the form

fa=Fo+Tia+ Hya (5.2)

where ia = [i1 9243 i4]7, ya = [y1 v2 ... yn,]|T and Fy is the constant force components
due to the bias currents. The elements of the actuator gain matrix I' are the coefficients:

_
Tn,k = di

= = 2u0AnNipn(ln — 2yn)~ ZNJ” (5.3)
P

P

and H is a diagonal matrix containing the negative stiffness coefficients

dfn
= ——| =4dppln(l, —2 E Njnl;j) 4
hn dlk Ho yn imn (5 )

P

For this topology, a coil-winding scheme based on flexural mode decoupling may be
employed in order to maximize bearing load capacity and simplify the design of an initial
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feedback controller that achieves stable levitation of the rotor [13]. In this case, a differ-
ential driving scheme with two control input variables in ic = [ic1 z'cg]T is adopted, as for
conventional AMBs: .
) . 10 -1 0
ian=Tic, T= [0 10 -1 ] . (5.5)

5.2.2 Vibration control considerations

To define the vibration excitation problem, a mathematical description of the rotor geom-
etry is introduced according to Fig. 5.1. The radial location of the outer (or inner) surface
of the rotor is defined relative to the geometric center so that a Fourier series description
of noncircularity has the form

oo
r(0) = R+ a;cos(j(0 — ;) (5.6)
j=2
Due to rotation, the displacement measured at a fixed angular location ¢g will have a time-
varying component that is not associated with rotor vibration. If the objective for control
is to allow the the rotor to spin about its geometric center without distortion then the
measured displacements should exactly match Eq. (5.6). For rotation at constant angular
speed () this may be expressed

ds(t) = ys($5, D) ng v, = O _ a5 cos(i(ds — Ot — ;) (5.7)

=2

To cancel the effect on control feedback signals, noncircularity may be treated in the
same way as sensor run-out error. By using offline measurements of the rotor shape,
the displacement due to non-circularity (Eq. (5.7)) can be constructed in real-tme and
subtracted from the sensor readings. The resulting signal will correspond to the exact
position of the rotor geometric center provided that no wall deformation occurs due to
vibration. However, even if noncircularity can be measured accurately, there is still the
possibility that the equilibrium shape of the rotor changes during operation e.g. due to
thermal distortion or elastic deformation caused by centrifugal loading. Moreover, there
are additional excitation effects associated with noncircularity, as well as other system
disturbances, that cannot be exactly inferred from sensor readings. Section 3 gives a full
analysis of non—circularity effects and their impact for vibration control based on a 2-d
model of a thin-walled rotor with single DAMB.

5.3 Rotordynamic model

To obtain a representative model of rotordynamic behavior, the continuum equation for
radial vibration of a thin rotating annulus may be considered in the form |23, 27, 22|

By 96 " 9o 120R* \ 946 “9gt " 924
1 9%°F 9 g A%ug
pLdog t <a¢4 +3a¢2> (58)

where € is the constant angular speed, d is the wall thickness, L is the axial length and
p and E are the material density and Young’s modulus respectively. Motion is defined in
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terms of the radial displacement u(¢, t) with ¢ being the angular position in the fixed frame,
while ug(¢,t) is the radial displacement associated with noncircularity. Applied forces are
captured by a radial force distribution F'(¢,t). The noncircularity may be represented by
a truncated Fourier series from Eq. (5.6) so that, accounting also for rotation,

M
uo(¢,t) = ajcos(j(¢ — v; — Q1)) (5.9)

=2

Equation (5.9) defines the multi-harmonic forcing of the system. A solution to Eq. (5.8)
can be approximated by a superposition of a finite number of modes:

M
u(p,t) ~ Z [pm (t) sinmae + qp, (t) cos me] (5.10)
m=1

where sinm¢ and cosm¢ are the mode shapes for free vibration and p,,(t) and g, (t) are
the m'™ modal displacement coordinates, with m being the circumferential wavenumber
(integer). Substituting Eq. (5.9) and (5.10) in Eq. (5.8) and evaluating the inner products
with respect to sinm¢ and cosme¢ by integrating over ¢ leads to a set of 2M equations
(form=1,...,M):

N
Pm — Qgmim + EmpPm = Um Z fnsinme, — QQU}m [am Sinm(Qt - ¢m)] (5'11)

n=1

N
Gm + QgmPm + km@m = Um Z fn cosmaey, — QQU}m [am Cosm(Qt - @Z}m)] (5'12)

n=1
where f,,(t) is the radial actuator force applied at angular position ¢,. The constant
coefficients are

Ed2 m?(m?—1)2 2m(m2—1) m2 m2(m2—3)
ky =

T 12pR* m241 9m =~z ) Um = prAR(m2+41)? Wm =~
Accordingly, the zero-speed natural frequencies for flexural vibration are given by

_d E m(m?-1)
“Ym = 3R2\) 3 Vmatl -

By defining the noncircularity disturbance as dy, (t) = ap, [sinm(Qt — p,) cos m(Q — ¥,)]7,
Egs (5.11) and (5.12) may be expressed in first order matrix form

s

dt | Tm
where z,, = [pm qm]T, Koy = kI, G = gmd, Vin = v, Wi, = wp I with I being the
identity matrix and

Lém—&m}MZPW?M%ﬂﬂ—WM%me

sinme@;  cosmaeq

0 1
1= % 5] Ea-

sinmoy cosmoy

Combining Eq. (5.13) form =1, .., M, and defining « = [{ 2% --- 2] Jandd = [d] --- dzj\l,]T

leads to
i[ﬂ - [—OK —slzc;HﬂJr{V%g]fA—[QfW]d (5.14)
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where F4 = [ Ei Ey --- Ey ] and K, G, V and W are block diagonal matrices, in
accordance with Eq. (5.13).
The radial location of the rotor surface is y(¢,t) = wu(p,t) + uo(p,t). Hence, the
displacements at the sensor and actuator locations are given, respectively, by
ys = Es(x +d), ya=FEs(zx+d) (5.15)

where Fg is defined in the same way as E 4, but based on sensor angular locations. For
sensor readings, we may define dg = Egd such that for zero vibration (z = 0) we have
ys = dg, as in Eq. (5.7). Substituting for y4 in the linearized AMB model (5.2) gives

fA :F0+Fcic+HEA($+d) (5.16)

where I'c = I'T". According to equations (5.14)-(5.16) and the corresponding block diagram
structure shown in Fig. 5.2, noncircularity excites the system through three mechanisms.
Firstly, there is an inertia-related disturbance Q?Wd which acts as a direct forcing of the
rotor. The synchronous m = 1 component of this disturbance is due to mass unbalance.
However, the noncircularity-related components m > 2, are higher harmonics and have a
forcing effect that tends to make the rotor more circular as € increases. Secondly, the non-
circularity disturbance d has an additive contribution to the position of the rotor surface at
the actuator locations. This impacts on actuator forces through feedback effects associated
with the actuator stiffness coefficients (embedded in H). Thirdly, the noncircularity acts
additively on the displacements measured by the sensors, which impacts on the feedback
control signals and introduces additional multi-harmonic excitation that is dependent on
the control algorithm.
A model of the plant suitable for control analysis/design follows from Eqgs (5.13) and
(5.14) as
n = A(Q)n+ Beic + Ba()d

ys = Csn+ Egsd (5.17)

where n7 = [#7 27] and

0 I 0 0
AV =1 g4k, —QG}’BC[VEng}’Bd(Q)[KA—WW}’
Co=[Es 0]

The actuator negative stiffness matrix is K4 = VEZ;H E 4. The transfer functions for the
open-loop plant are Gy (s, ) = Cs(Is — A(Q)) "1 Bc and Gy(s,Q) = Cs(Is — A(Q)) "1 By.
With the application of sensor-based noncircularity compensation, the signal used for feed-
back control may be defined as

Js = ys — ds = Csn + Esd — ds (5.18)
where JS is a vector of compensation signals. For exact cancellation dg = Esd = dg (as

in Eq. (5.7)).

5.4 Noncircularity vibration suppression

An approach for harmonic vibration control (HVC) suited to the noncircularity excitation
problem is introduced here based on the control structure shown in Fig. 5.2. A feedback
controller K, is first implemented to achieve stable levitation of the rotor. This may be
chosen as a standard PID controller that is tuned to achieve a targeted net stiffness for
the bearing. However, the high frequency gain of K, must be limited in order to avoid
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Figure 5.2: System structure for rotor vibration control.

problems of flexural mode destabilization and excessive noise excitation. Consequently,
vibration suppression with the controller K, is not optimal and unwanted resonances
occur during operation. A different feedback compensation K.g is therefore determined
for which the closed-loop transfer function matrix (I — G, Keg) ™! has improved properties
for vibration attenuation over the expected range of excitation frequencies (compared with
(I —GyKact) ™). However, it is not necessary that K.g can achieve satisfactory (stable and
robust) levitation control if implemented on the actual system, only that it gives desired
attenuation properties for the expected range of excitation frequencies.

According to Fig. 5.2, feedback stabilization is provided by K,e. The controller
subsystem K¢ also operates on the sensor signals to provide a reference control signal ip.
The difference between the actual control input ¢¢ and the reference signal is treated as an
error signal ¢ = i¢c —tp. The harmonic cancellation algorithm operates on ¢p to generate
the correction signal igyc. This algorithm, which is described in detail in Section 4.2,
provides a multi-harmonic signal that adapts to eliminate the harmonic components of ig
such that, in steady state, the harmonic components of the control signal correspond to
the output from Keg. The result is that the steady-state disturbance attenuation then
matches the characteristics of K¢, but only for the discrete frequencies that are targeted
within the cancellation algorithm.

5.4.1 System model for control analysis

A linear feedback controller K(s) = Ck(Is — Ag) !Bk + D is considered having state
space matrices {Ag, Bx,Ck,Dk}. Combining this with Eqgs (5.17) and (5.18) gives a
closed-loop system description as

i = A(Q)z+ By(Q)d + Bs(Esd — ds) + Beinve

~ 5.19
ys = Cgsz+ Egd ( )

where 55 = [ Cs O ] and
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The closed-loop transfer function matrix for the levitated rotor (from ifgyc to ys) may
be defined as P(s, Q) = (I — Gu(s)K(s)) " Gu(s) = Cs(Is — A(Q)) ' Be. Equation (5.19)
can be used for the prediction of non-circularity excitation with feedback control only
(ds = 0), with non-circularity cancellation (Egd — dg = 0) and/or with operation of
harmonic vibration control.

5.4.2 Harmonic Vibration Control algorithm

An alternative but equivalent representation of the control system structure, including
HVC algorithm, is shown in Fig. 5.3, where the HVC algorithm operates on the additional
feedb;dck component ig output from the subsystem K, — Keg. The subsystem P.g =
(I — GuKog) 1Gy is a speed-dependent model of the closed-loop dynamics, as given by Eq.
(5.19) with the effective controller Keqg. This is included to provide dynamic cancellation
for the effect of iy on yg. For this structure, the transfer function from iy e to ig is
identity if Gy(s,Q) = Gu(s,Q), implying the effects of the plant dynamics on the HVC
control loop are entirely compensated. This greatly simplifies the design of the HVC
algorithm and allows fast convergence rates to be achieved. Note that, for this control
structure, the dynamic compensation scheme involves the forward dynamics (rather than
inverse dynamics) of the closed-loop system and this allows straightforward realization of
a speed-dependent model, avoiding issues with implementation, noise amplification and
stability that typically arise for disturbance cancellation schemes involving inverse models.

The harmonic cancellation algorithm involves a matrix-based discrete Fourier transform
as shown in Fig. 5.4. The error signal ¢g is down-sampled at regular intervals over the
period of rotation to form a vector of Ny sample values. This vector is multiplied by the
partial DFT matrix Rpp to give harmonic amplitudes (Fourier coefficients) for selected
frequencies (e.g. the first eight harmonics of the rotational frequency):

Re(wg) i w1 1 1 1
—Im(wy) w2 1 r 72 rNs—1
Rpr =2 : where | W3 = S 72 rt oo p2(Ns=1) =
. N, ’
Re(ws) ) :
| —Im(ws) | | wy, | |1 PNl p20Nem1) (N1

The calculated amplitudes then undergo discrete integration with updates every syn-
chronous period (revolution) of the rotor. These control amplitudes are multiplied by the
corresponding harmonic signals, which are summed to form the multi-harmonic control
signal 1y . The control update involves a single gain parameter . The maximum value
of ~ for stable convergence is limited by errors in the system model used for dynamic com-
pensation. Empirical tests can be used to select a value that gives acceptable convergence
rates for all the targeted harmonic components.

5.5 Test case system

Evaluations were undertaken on a short thin-walled rotor with internal DAMB comprising a
circular array of 24 actuators with E-shaped cores, as shown in Fig. 5.5. The experimental
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rotor (radius R = 111 mm) was supported radially by the DAMB but also constrained
axially by thin flexures connected to a driving disk coupled to a d.c. motor. The flexures
prevent tilting and axial motion of the rotor but do not greatly affect the net radial stiffness
of the bearing under feedback control. Further system characteristics are given in Table
5.1. The rotor wall thickness is d = 3.1 mm and the first flexural mode for wall vibration
has a frequency of 155 Hz when Q = 0.

The actuator coils were connected in series as four sets, driven by four d.c. servo drives
and operated with bias currents of Iy = 2.2 A. The coil winding pattern and resulting
actuator properties are shown in Fig. 5.6. The actuator force gains vary sinusoidally
around the circumference of the bearing and this helps to decouple the actuator forces
from the flexural modes of the rotor wall. The resulting negative stiffness distribution of
the actuators exhibits a four-fold rotational symmetry. In reality, the effects of radial load
and non-uniform clearances cause some deviation from the ideal characteristics shown.
Under levitation, the mean gap size between the rotor and actuators was approximately
0.7 mm. For control testing purposes, the system was operated with rotational frequencies
up to 30 Hz (1800 rpm).

A PD control law suitable to achieve stable levitation of the rotor was selected as

kys 9215 + 6000
Kact(s) ( L p—— 1) 2x2 (0.0015 T 1) 2x2

A proportional gain of k, = 6000 A/m yields a net bearing stiffness of 25000 N/m and
system natural frequency of 27 Hz for rigid-body motion (based on the theoretical model
in Section 4.1). Even with a filtered derivative action (7 = 0.001 s), the value of k; must be
limited to avoid excessive noise excitation and flexural modes destabilization. The chosen
value kg = 15 As/m produces damping at approximately 20 % of critical for the rigid
body modes. To verify the theoretical model and system characteristics under closed loop
control, experimental identification of the frequency response for P, (s, 2) was undertaken
for zero speed (2 = 0). The results in Fig. 5.7 indicate a good level of agreement and
confirm the suitability of the model for further analysis. A Campbell diagram showing
speed dependency of the system natural frequencies is given in Fig. 5.8. Considering the
first eight harmonic components of rotor noncircularity as possible excitation sources, this
plot indicates at what speeds significant excitation of the rigid body mode (m = 1) and
first flexural modes (m = 2) may be anticipated over the intended speed range of 0-30 Hz.

To suppress resonance while reducing transmission of bearing forces, the effective con-
troller K.g was chosen as a modified PD control law:

29.5s 44500
Keg(s) = () 2%2

0.001s + 1

This controller (equivalent PD gains k, = 4500 A/m and k4 = 25) would result in a very
low bearing stiffness (approx. 1800 N/m) if used directly for feedback control and would
not achieve stable levitation. However, the frequency domain properties show much im-
proved disturbance attenuation for the frequency range of concern, with near-elimination of
resonances: Predicted frequency response characteristics for Pug (s, 0) are shown in Fig. 5.7.
Further analysis of the vibration control performance with the HVC algorithm is given in
Section 5.1, while experimental results are presented in Section 5.2.

5.6 Numerical analyses

Numerical predictions of steady state vibration response behavior were obtained for three
different cases:
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Table 5.1: Characteristics of experimental thin-walled rotor-DAMB system

Property Symbol Value Units
Rotor radius R 111.0 mm
Rotor length L 51 mm
Rotor wall thickness d 3.1 mm
Material density ) 7740  kgm™?
Young’s modulus E 2x 10" Nm™2
First natural frequency for wall flexure w2 155 Hz
Actuator pole-face area A, 100 mm?
Core flux path length ln 100 mm
Core relative permeability L 300 —
Mean gap size So 0.7 mm

coupling

Figure 5.5: Experimental distributed actuation magnetic bearing supporting a short an-

nular rotor (a) photo (b) CAD model
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1. Dynamic feedback of displacement sensor signals for bearing stabilization (controller
Kaet only).

2. F~eedback with exact sensor-based noncircularity cancellation (controller K, and
ds = dg).

3. With HVC to achieve desired effective control action (controller Koz and dg = 0).

As these are reference cases, every harmonic component of the rotor noncircularity error
was assigned an amplitude of 25 um. The first harmonic component of vibration, which
arises due to synchronous forcing rather than noncircularity error, is neglected. For case
1 shown in Fig. 5.9, every harmonic component exhibits a resonance corresponding to
the natural frequency of 27 Hz. Resonance occurs whenever this natural frequency is
an integer multiple of the rotational frequency. Both the noncircularity compensation
scheme and the HVC algorithm (effective control K.g) alleviate the resonance conditions.
Flexural mode excitation remains quite low even without applying additional vibration
control algorithms owing to the distributed actuation topology and optimized coil-winding
pattern. Two additional cases for inexact noncircularity compensation (JS = 0.5dg), both
with and without HVC, are shown in Fig. 5.9 (as cases 4 and 5 respectively). It is seen
that resonances still occur with inexact cancellation but can be suppressed effectively by
the combined application of HVC.

5.7 Experimental results

Noncircularity of the experimental rotor was first determined by offline measurements.
This data is shown in Fig. 5.10 with corresponding Fourier coefficients given in Table 5.2.
Three different control methods were implemented and tested that correspond to the first
three simulated cases described in Section 5.1:

1. Stabilizing feedback control K, and synchronous vibration control only.
2. As case 1 but with additional sensor-based noncircularity compensation.

3. As case 1 but with additional HVC to achieve effective control K.
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Table 5.2: Measured rotor noncircularity: Fourier coefficients for profile error

L Fourier coefficients
Harmonic j .
Amplitude a; (um) Phase v; (degree)

1 - -
2 28.4 -85.96
3 3.1 18.26
4 3.4 24.41
5 2.5 42.27
6 2.1 89.29
7 1.0 48.86
8 1.5 -29.83

The first harmonic component of vibration, which arises due to synchronous disturbance
forces, was suppressed by a synchronous control algorithm so that the amplitudes remained
less than 50 pm for all three cases. The first six harmonic components of the (z-axis) sensor
signal are shown in Fig. 5.11. The second (2x€2) harmonic, which corresponds to the largest
noncircularity component, was the dominant component of vibration. For case 1, a large
resonance occurred when the rotational frequency was 14 Hz. Both the noncircularity
compensation and the HVC algorithm were effective in suppressing this resonance.

With noncircularity compensation, some small resonances are still seen for the higher
harmonics. This is due to errors in the run-out identification as well as residual excitation
effects that are not associated with the position sensor signals. The overall behavior is
consistent with the model-based predictions shown in Fig. 5.9. Note that, for the exper-
imental system, the excitation of the 7 x € and 8 x Q harmonics was too small to be
clearly detected and, therefore, this data is not presented. Figure 5.11b shows that some
noise effects were present for the higher harmonic components of the control currents with
HVC applied, but the overall amplitudes remained low, at less than 0.2 A. Note also that
vibration suppression and control stability was maintained even when the harmonic con-
trol frequencies pass through the flexural mode frequencies. This is possible due to the
dynamic compensation scheme incorporating the flexible rotor model.

Transient behavior during convergence of the HVC algorithm is shown in Fig. 5.12.
With the rotor operating at a constant rotational frequency of 13 Hz, multi-harmonic
vibration was initially present with large magnitude. The amplitudes of the first two
harmonic components were 48 and 35 pum respectively. Activation of the HVC algorithm
gave steady attenuation over approximately 10 seconds. Although the rate of attenuation
is quite fast, changes in rotor speed that are too rapid lead to a worsening in control
performance. Small fluctuations in rotor speed can also prevent expected steady-state
levels of vibration attenuation being achieved.

The best results were obtained when noncircularity compensation and HVC were ap-
plied together. In this case, the HVC algorithm deals with residual excitation and errors
due to inexact knowledge of the noncircularity. The overall vibration attenuation per-
formance was similar to when applying HVC alone, but control current amplitudes were
reduced. The results in Fig. 5.13 show the residual sensor signal yg—dg after non-circularity
compensation. Initially, the system is operating with feedback of the raw sensor signals
ys when (after 5 seconds) the sensor-based noncircularity compensation is applied so that
the feedback signal becomes yg — dg. After a further 10 seconds, the HVC algorithm
is additionally operating. This produces a further reduction in vibration levels without
noticeable change in control current levels.
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Figure 5.11: Rotor vibration components arising due to noncircularity excitation. Experi-
mental data for (a) sensor measurements (b) control currents.
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5.8 Chapter summary

A control approach has been developed for reducing the vibration of a flexible thin-walled
rotor supported by a distributed actuation magnetic bearing. Although direct measure-
ments of rotor noncircularity may be used to compensate its effect on position signals used
for feedback control, multi-harmonic vibration may still arise due to measurement error and
other excitation mechanisms. An approach for harmonic vibration control has therefore
been introduced that achieves effective vibration suppression without requiring information
on the rotor shape. The proposed algorithm adaptively modifies the harmonic components
of the actuator control currents so that the system response and vibration attenuation per-
formance match a targeted closed-loop system model. Experiments were conducted on a
short thin-walled rotor with single DAMB to confirm the efficacy of the proposed methods
in preventing resonance during operation. Combining sensor-based noncircularity compen-
sation with harmonic vibration control is seen as a good practical solution as a reduction
in vibration levels can be achieved even with imprecise knowledge of the rotor shape and
with minimal bearing forces. In future work, extending the approach for application with
longer thin-walled rotors having DAMB support in multiple planes will be considered.
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Chapter 6

Experimental thin-walled
rotor/DAMB system: vibration
behviour and 3D model verification

6.1 Introduction

6.2 Experimental system

The experimental system is comprised of a horizontal cylindrical rotor of length 0.8 m
with two radial magnetic bearings, as shown in Fig. 6.1. The rotor is a uniform steel
tube with properties given in Table 2.1. The rotor has very high natural frequencies for
beam bending modes (>1300 Hz) due to its thin-walled structure. The bearings are of a
specialized design for thin-walled rotors and are based on a distributed actuation magnetic
bearing (DAMB) topology [13]. Each bearing comprises a circular array of 24 small U-
shape electromagnetic actuators that apply attractive forces around the periphery of the
rotor. Using multiple compact actuators helps to avoid magnetic flux saturation within the
rotor wall and thereby achieve high load capacity. The coil winding pattern and driving
scheme are devised such that the orthogonal components of the net bearing force (X-Y
axes) depend principally on two (X-Y) control current components within the two coils on
each actuator. Hence, the bearing forces can be controlled using strategies similar to those
applied with conventional AMBs. In open-loop configuration, the bearings are unstable
due to the negative stiffness effects from coil bias currents. Stable support of the rotor
can be achieved using feedback control of the coil currents based on the measured rotor
position. Further details on the operation and modelling of the bearing are given in section
6.3.

The rotor is driven by a brushless d.c. motor connected via a flexible coupling. This

Table 6.1: Properties of magnetic bearing actuators

Parameter Symbol Value Units
Pole face area A 72 mm?
Permeability of free space o 47 x 1077 H/ m!
Effective flux path length l 1.2 mm
Maximum number of coil-turns No 100
Bias current 10 2.2 A
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coupling comprises a disk mounted on the motor shaft with four foam rubber flexures
(length 40 mm) that connect between the disk periphery and the end of the rotor. This
coupling supports the transmission of a driving torque to the rotor but has negligible effect
on the flexible mode dynamics of the rotor.

The system has two pairs of rotor position sensors located in two transverse planes
adjacent to each bearing (see Fig. 6.1). These sensors are standard eddy current proximity
probes and are used for feedback control of the bearings. In addition, a single high-
sensitivity proximity probe is mounted on a movable ring that can be positioned to measure
the radial vibration at any point on the rotor surface.

Each bearing has one actuator that is wound with an extra coil. The extra coils are
used to apply localized excitation forces to the rotor wall that are aligned with the +X
axis direction, as shown in Fig. 6.1. The excitation forces couple strongly with the flexural
dynamics of the rotor wall and so can be used for vibration response testing and modal
identification of the overall structure during operation.

6.3 Active magnetic bearing model

For the DAMBsS, the attractive force applied to the rotor wall by the 7' actuator at location
(0,2;) may be described by a standard reluctance force model [66]:

(N1I; + Nalp + N.ie)?

Pag(t) = Fitwj, I Ty ie) = —poA™———0"7 3

(6.1)

Here, A is the pole face area, [ is the effective flux path length for the equilibrium position
(accounting for the total reluctance including air gap) and x; = u(0;, z;, t) is the radial dis-
placement of the rotor wall. Frictional forces may be neglected, and so P, j(t) = P, j(t) = 0.
Physical values for the experimental system are given in Table 6.1. Two of the coils, hav-
ing number of turns Ni(6;) and Nz(6;), are used for levitation control and are supplied
currents I; and Iy according to a differential driving mode with constant bias component
ip and control currents i; and iy [66]. The excitation coil, having N, turns, is supplied
current i.. This is used for excitation only and is powered separately to provide a localized
forcing that can be utilized in dynamic response testing. For the levitation coils, the coil
winding and driving scheme is defined by

_ N lcoso] = No——Isnol
N (0) = No |sine\+\coso|’N2(9)_N° [ sin 0]+ cos 0]

I (0,t) = ig + sgn(cos 8)ii(t), I2(0;,t) = i + sgn(sin 0)ia(t)

where Ny is the maximum number of coil turns. This scheme helps to decouple the levi-
tation forces from the flexible mode dynamics and can be realized with just four current-
controlled drives powering four sets of coils connected in series [13]|. Linearizing Eq. (6.1)
about the operating point £/ with z; = i1 = i2 = i, = 0 gives an equation in the form

2

i) :f0+ka$j+szkik+deie (6.2)
k=1
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_df) -2
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elE
For the experimental system, the two identical radial bearings, A and B, have axial lo-
cations z = —268 mm and z = 268 mm respectively. Combining Eq. (6.2) for all 24
actuators, the bearing forces are expressed
FAP = Fy + D2t 4 2P 4 5P (6.6)

where ¥ is a 24 x 2 matrix with coefficients ¥, = 04,(0;),i=1,2,...,24, k =1,2, X . is a
24 x 1 matrix with coefficients X, ; = 0.(6;), 7 = 1,2,...,24 and D is a 24 x 24 diagonal
matrix containing the negative stiffness coefficients D; ; = kq(6;).

To stabilize the bearings and give suitable stiffness and damping properties, feedback
of the radial displacement of the rotor ys(¢) measured at four locations is required. The
combination of two bearings with an arbitrary linear feedback controller may be represented
in state-space form as

T = Acre+ Beys
A8 = By, (6.7)
where the matrices capture the dynamics of the feedback controller and drives. Combining
Egs (6.6) and (6.7) gives the complete linearized DAMB model as
Te = Aczc + chs
FAB Fo+DzAP 4 2CHBe, + 3,08 (6.8)

The DAMB and control system model may now be combined with the cylindrical rotor
model, as defined by Eq. (6.8) in Chapter 2:

M{ + (C+20)) €+ (K - °Kgo) € = > E(¢),2)Pi() (6.9)
J
[w($, 2, 1), 0(0, 2, ), w(, 2, 1)]T = BT (4, 2)&(t) (6.10)
Combining the state variables for rotor vibration in Eq. (6.9) with the dynamic states in
Eq. (6.8) and using ys(t) = ET&(t) gives the complete system model in the form

Al
dt &=
Te
0 I 0 3
~M™! (Kyq — 9’Kg) —-M 1 (C+20J) M (ExZ4CY + Ey 5XBCH) £
BcEz 0 A Zc
0 0 P
+ | M'E 24 M 'EpX?B [f%] (6.11)
0 0 ¢

where K, = K — E4DAEY — EgDPEL and the excitation forces are f&4 = 244, f8 =
»5i..
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6.4 Results

Frequency response testing was undertaken for a range of forcing conditions and rotational
speeds. Radial excitation forces were applied to the wall of the levitated rotor using the
two excitation coils located at bearings A and B, as shown in Fig. 6.1a. Two different
forcing patterns were adopted involving symmetric (f4 = fP) and anti-symmetric (f =
—fP) excitation. The first case predominantly excites modes with even values of n, while
the second case excites modes with odd values of n. During testing, the DAMBs were
operated with low gain PID feedback using a standard centralized control strategy to
achieve decoupled control of parallel and conical rigid-body modes (see [66], Chapter 8).
The resulting bearing forces produce very soft support charateristics and yield natural
frequencies for rigid-body modes close to 30 Hz.

Tests were first performed without rotation and without attachment of the rotor cou-
pling. Results are shown in Fig. 6.2. The data shown is for displacement measured by the
sensor at the free end of the rotor. The model-based predictions show an agreement within
0.5 % for all natural frequencies within the testing range, with the maximum difference
in natural frequency being 3.5 Hz for the m = 3,n = 1 mode (875 Hz). Non-uniformity
of the cylindrical rotor due to machining error is a possible source of error, in addition
to uncertainty in the DAMB properties. Note that the force gains for the two excitation
coils are slightly different which leads to mixed excitation of symmetric and anti-symmetric
modes for the two cases. Some extra resonances occur in the low frequency range (50 - 200
Hz) due to flexibility of the foundation structure on which the bearings are mounted.

For tests with rotation, imbalance excitation arose due to non-uniformity of the cylin-
der rotor. Disturbances from sensor run-out error and the flexible coupling were also
present. These were suppressed by using a harmonic vibration control algorithm to gen-
erate disturbance-canceling forces, applied through the bearings [7|. This had negligible
effect on the dynamic response characteristics of the system. Frequency response data for a
rotational speed of 11.1 Hz (2 = 70 rad/s) are shown in Fig. 6.3. The numerical results are
based on the parametric model for the speed-dependent dynamics, as described in section
2.3. The splitting of natural frequencies for forward and backward modes due to rotation
effects is clearly evident for all flexible modes. A high level of agreement between the
theoretical model and experimental data is seen. The small amplitude behaviour, which
might reveal frequencies for anti-resonance, cannot be easily verified from the experimental
data due to measurement errors from noise and electrical interference. This introduces a
‘noise floor’ for the sensitivity measurements which tends to increase with rotational speed,
making accurate response testing more challenging for higher speeds.

By using acoustic signal measurements, the natural frequencies could be identified over
a wider range than was possible with displacement signals alone. Tests were performed
with short duration harmonic ‘chirp’ signals for excitation, with frequency sweep covering
the range of interest. Example data is shown in Fig. 6.4. The FFT of the acoustic signal
gives a clear indication of the natural frequencies within the target interval of 1000 to 2000
Hz. The complete set of experimental data is superimposed on the model-based Campbell
diagram in Fig. 6.5. The experimental values for the natural frequencies show a high
level of consistency with the model-based results. Even though, for certain modes, there
is a visible offset error in the frequencies, the trend for changing rotational speed matches
closely.

To perform tests at higher rotational speeds (>12 Hz), the rotor imbalance was reduced
by the addition of small correction masses on the inner surface of the rotor. A partial
balancing solution with masses of 45 g £10° at the driven end and 90 g £170° at the

77



=
e

Magnitude (mm/A)

=
e
5

0 200 400 600 800 1000 1200
Frequency (Hz)
10t V- v T T
~ Ly M1 [ m=2 Anti-symmetric Excitation ym=3 m=3 y
< [ A\r=t tn=1 = n=3 1
£
g/ 4
()
=} 4
2
c
g Model
:
107 | | L i | |
0 200 400 600 800 1000 1200

Frequency (Hz)

Figure 6.2: Frequency response data from experiment and theoretical modeling for no
rotation

H
o
H

Symmetric Excitation

Model

5 Magnitude (mm/A)

Experiment \ /
| | P | L | HE ' | |
200 300 400 500 600 700 800 900 1000 1100 1200
Frequency (Hz)
10t T T \
< Anti-symmetric Excitation
£
E
()
o
=
=
[=))
I
=
Experiment H \ /
107 I 1 I L I I I I I
200 300 400 500 600 700 800 900 1000 1100 1200

Frequency (Hz)

Figure 6.3: Frequency response data from experiment and theoretical modeling for rotation
with /27 = 11.1 Hz

78



10* T T

symmetric excitation
antisymmetric excitation

10°
3 10? A
2 W
g ‘ yw '
g 10t ‘“‘
10° f
1
]
10t | | | | | |
1000 1200 1400 1600 1800 2000
frequency (Hz)

Figure 6.4: Example data for natural frequency identification over range 1000-2000 Hz:
FFT of acoustic signal measurements

non-driven end was used. This resulted in a slight splitting of the degenerate mode natural
frequencies, even at zero rotational speed, due to the asymmetry introduced by the added
magses. For certain modes, the change in natural frequencies is quite evident, but the
overall trend for higher speeds is consistent with the model-based results. The consistency
between the experimental and theoretical results provides important validation for the
described shell theory and for the use of the parametric forced-response model (Eq. (2.36))
in rotordynamic prediction.

6.5 Chapter summary

This chapter has defined and experimentally verified a 3-dimensional multi-mode model
for the vibration behaviour of a thin-walled cylindrical rotor based on shell theory. Salient
points from the study are that

1. The described model can provide a complete and accurate description of the vibra-
tional dynamics of a thin-walled cylindrical rotor for a practical range of excitation
types and rotational speeds.

2. The shown invariance properties of the mode-shapes allows the construction of a
discrete model having a simple parametric dependency on rotational speed, with
negligible impact on accuracy.

3. The parametric model for speed-dependent natural frequencies (Eq. (2.29)) indicates
that, for the low order bending modes, the effect from circumferential extension is
very small.

An implication of point 3 is that, even for experiments with higher rotational speeds, the
correctness of the centripetal (Q?) terms in the equations of motion may not be exposed
unless modes with significant in-surface extension are excited and identified.

The described theoretical model may be used to construct benchmark cases for valida-
tion of finite element codes for rotating shell structures. It also has good suitability for use
in the design of active vibration control strategies. This will be considered in future work.
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Project Outputs

Publications

Published journal articles

J1 Cole, M.O.T., Chamroon, C., Keogh, P.S., ‘H-infinity controller design for active mag-
netic bearings considering nonlinear vibrational rotordynamics,” JSMFE Mechanical
Engineering Journal, Vol. 4, No. 5, 2017, pp. 16-00716.

J2 Fakkaew, W., Cole, M.O.T. ‘Vibration due to non-circularity of a rotating ring having
discrete radial supports - with application to thin-walled rotor/magnetic bearing
systems,” Journal of Sound and Vibration, Vol. 423, No. 9, 2018, pp. 355-372.

J3 Cole, M.O.T., Fakkaew, W. ‘An active magnetic bearing for thin-walled rotors: Vibra-
tional dynamics and stabilizing control,” IEEE/ASME Transactions on Mechatronics,
Vol. 23, No. 6, 2018, pp. 2859-2869.

J4 Chamroon, C., Cole M.O.T., Fakkaew, W. 'Model and control system development for
a distributed actuation magnetic bearing and thin-walled rotor subject to noncircu-
larity,” ASME Journal of Vibration and Acoustics, Vol. 141, No. 5, 2019, Art No.
051006.

Journal articles under review or under revision

J5 Fakkaew, W., Cole, M.O.T., Chamroon C, 'On the vibrational dynamics of thin-walled
rotating cylinders: A theoretical and experimental study utilizing active magnetic
bearings,” manuscript submitted to International Journal of Mechanical Sciences
(under revision).

J6 Brand, Z., Cole, M.O.T., ‘Controllability and actuator placement optimization for
active damping of a thin rotating ring with piezo patch transducers,” manuscript
submitted to Journal of Sound and Vibration (under review).

Conference papers

C1 Brand, Z., Cole, M.O.T., ‘Results on active damping control of a thin-walled rotating
cylinder with piezoelectric patch actuation and sensing,’” in Proc. IEEE Conference
on Control Technology and Applications, August 19-21, 2019, Hong Kong.
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Other outputs

Patent application

P1 ’Electromagnetic bearing incorporating an array of electromagnets for the support of
plate and hollow shell structures’ - in progress.
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This paper investigates the vibration arising in a thin-walled cylindrical rotor subject to small
non-circularity and coupled to discrete space-fixed radial bearing supports. A Fourier series
description of rotor non-circularity is incorporated within a mathematical model for vibra-
tion of a rotating annulus. This model predicts the multi-harmonic excitation of the rotor wall
due to bearing interactions. For each non-circularity harmonic there is a set of distinct critical
speeds at which resonance can potentially arise due to flexural mode excitation within the
rotor wall. It is shown that whether each potential resonance occurs depends on the multi-
plicity and symmetry of the bearing supports. Also, a sufficient number of evenly spaced iden-
tical supports will eliminate low order resonances. The considered problem is pertinent to the
design and operation of thin-walled rotors with active magnetic bearing (AMB) supports, for
which small clearances exist between the rotor and bearing and so vibration excitation must
be limited to avoid contacts. With this motivation, the mathematical model is further devel-
oped for the case of a distributed array of electromagnetic actuators controlled by feedback of
measured rotor wall displacements. A case study involving an experimental system with short
cylindrical rotor and a single radial AMB support is presented. The results show that flexural
mode resonance is largely avoided for the considered design topology. Moreover, numerical
predictions based on measured non-circularity show good agreement with measurements of
rotor wall vibration, thereby confirming the validity and utility of the theoretical model.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The vibration behaviour of circular shell structures has been studied extensively over the last few decades as it is important
for many conventional and emerging mechanical systems. In particular, current architectures in rotating machine design are
evolving towards lightweight hollow rotor structures, including aero engines [1,2]. The vibration within the walls of a simple
thin-walled rotor shares similarities with the in-plane vibrations of rings, for which Coriolis and centripetal accelerations give
rise to rotational-speed-dependent splitting of natural frequencies for forward and backward circumferential waves [3,4]. The
motivation for the present study was to better understand the underlying mechanism for vibrational excitation of a thin-walled
rotor supported by active magnetic bearings. Vibration is seen to arise due to imperfect symmetry of the rotor cross-section and
its accurate prediction may play an important role in machine design, manufacture and operation. A suitable dynamic model
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must incorporate mathematical descriptions of rotor non-circularity and space-fixed bearing elements in order to establish the
forced vibration behaviour under rotation.

Limitations in manufacturing processes will cause profile variations in hollow cylindrical structures of nominally annular
cross-section. Although a number of studies on the free vibration of imperfect rings can be found in the literature, these deal
almost exclusively with non-rotating rings. Imperfections may be introduced as small initial displacements [5], or variation of
the ring cross section [6,7], or perturbations of the uniform mass density and bending stiffness [8]. An elliptical ring has also
been considered as a special case of an imperfect circular ring [9]. In most of these studies, the Rayleigh-Ritz approach has
been used to determine the perturbations in natural frequencies and mode shapes for free vibration. The effect of uneven mass
distribution for a spinning resonator ring in a MEMs device was studied in Ref. [10].

Machine rotor/shaft structures are usually supported by space-fixed bearing components with certain stiffness and damping
characteristics. For a thin-walled rotor, bearing interactions occurring at discrete angular positions may result in significant
changes in modal properties for wall vibration. The related problem of free vibration of a non-rotating thin ring on a general
elastic foundations was solved in Ref. [11] via both perturbation and Galerkin methods. Similar behaviour is seen in models of
vibration in meshing compliant gears which couple through space-fixed discrete stiffnesses [12,13].

The vibration of a rotating ring under forced conditions, both with and without constraints, was studied by Carrier [14] for
a few special cases. Closed form solutions to the harmonic and periodic forced vibration of rotating rings have been reported
by Huang and Soedel [15]. Response solutions for rotating tires based on rings with elastic foundations under various loading
situations have also been published [16,17], while an experimental study on tire vibration can be found in Ref. [18].

Previous studies on forced vibration have been limited to the case of perfect rings subject to exogenous forcing. To the
authors’ knowledge, the mechanism for self-excitation due to imperfect geometry of a hollow cylindrical rotor with discrete
supports has not previously been dealt with. In section 2 of this paper, a model is developed for vibration of a short thin-walled
rotor where non-circularity is represented by an initial deflection of the rotor wall. Using a Fourier series description of non-
circularity, a general model for the interaction of the rotor with space-fixed discrete supports is derived. Two types of bearing
supports are considered:

1. An array of radial spring-damper bearing elements
2. An active bearing involving an array of compact electromagnetic actuators

In section 3, a numerical study is undertaken to investigate the influence of multiplicity and symmetry of discrete spring-
damper supports on the resonance behaviour of the rotor. In section 4, an experimental investigation is described involving
a prototype active magnetic bearing (AMB) with distributed actuation applied to a thin-walled rotor. Measurements of vibra-
tion excitation during operation are presented and compared with results from theoretical modelling. The final section draws
conclusions.

2. Mathematical modelling
2.1. Equation of motion

The geometry of a thin-walled rotor with small non-circularity is shown in Fig. 1. The rotor has circumference length L.
and rectangular cross-section of depth d and length L. Uniform density p and modulus of elasticity E are assumed. The rotor is
supported by space-fixed discrete bearing elements, shown here as radial spring-damper units. The XY axes are a fixed reference
frame, while the reference frame X'Y’ rotates with the rotor at constant angular speed Q about the fixed axis through O.

To derive the equations of motion we consider that non-circularity is introduced as an initial plastic deformation of a perfect
circular ring so that its neutral plane is perturbed from a reference circle centred on the coordinate axes, as shown in Fig. 1a.
Then, additional displacements arise under motion due to elastic deformation. The local reference frame for the displacement at
a given point P is shown by axes Xyy, and the deformation frame is denoted by axes xy. The displacements of the cylinder wall
in radial (xy) direction and tangential (y,) direction with respect to the reference circle are defined as

U@,t) =u,@)+u(0,t), V(@O,t)=v,y0) +v,.(0,0)

where u,,(6) and v,((0) are the initial equilibrium displacements due to non-circularity and u,(6,t) and v,(6, t) are the dis-
placements due to vibration. Under these assumptions we may apply an inextensibility condition to both the plastic and elastic
components of the deformation:

U =v, Ug=Vv, (1)
Assuming that the cross-section planes remain plane after deformation, the angle between deformed and undeformed cross-
section is @ = I]—?(U’ + V), where the prime designates the partial derivative with respect to angle 8. The position vector for
point P can be written as rp = —(R— U)ig + Vj, and the acceleration as ¥p = ¥, + igyjo Where 7o, = U+2QV +Q*(R-U)
and 7g, = V — 2QU — Q?V. Neglecting nonlinear terms, the acceleration with respect to the xy-frame is Fp =T, +7,j where

i, = U+2QV +Q*(R-U) and i, = V — 2QU + Q*U’. Moreover, the inertia forces are f, = pdIRf',d6 and f, = pdIR¥,d6. Hence,
the equations of motion for a differential element with length ds = Rdf may be obtained by resolving in the instantaneous
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Fig. 1. (a) Schematic of a non-circular thin-walled cylindrical rotor with space-fixed discrete spring-damper modules (b) Rotor segment Free-Body-Diagram.
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xy-frame (Fig. 1b) as
as

55 F RMNo + N)k + RF, = pdIR (U +2QV + Q*R - U)) (2)
ON 20U

5 ~ RSk +RF, —ple(V 20U +Q ae) (3)
oM

— +RS=0 4
50 " (4)

where F, and F, are externally applied force distributions (per unit length). The curvature of the element is given by
1.1 (0%U , oV
=+ (== +%= 5

. R+R2<002+00> (5)

Here, Nj is a mean normal force which may be equated with the constant centripetal term on the right side of Eq. (2):

Ny = pdIR?>Q? (6)
The strain anywhere on the cross- sectlon of the cylinder wall can be calculated from a linear strain-curvature relationship € =
—(v —u,) — x(x — k) where kg = + R2 (u” +v O) To incorporate material damping we adopt a Kelvin-Voigt model where

the stress-strain relation is ¢ = E(1 + ra)e with 7 being the characteristic relaxation time. The bending moment is then given
by
Ed l Ed’l d
M= dA = — 7
/xa —Kop) +T—— 1 dt(K Ko) (7)

For low friction bearings, the external tangential forces will be negligible (F, = 0).
Equations (2)-(4) may be combined to eliminate the normal force N and radial shear force S. Then, applying the inextensibil-
ity conditions Eq. (1) and (7) and neglecting nonlinear terms yields

0%, oV, o (0% 0%v, v, ot  0*v,
(092 >+4Q%_Q aai t3592 ) % 1”& a5t 2501 T G2

_ 10K _ 9ur duyg

pdl 90 ~ & ( 64 > 96 (8)
2

where w3 = 1§iR4'

The reduced (1-D) governing equation (Eq. (8)) is consistent with some previous studies [4,19]. However, the effect of damp-
ing and non-circularity in combination with space-fixed bearing supports, which are critical aspects for rotordynamic predic-
tion, have not previously been considered. Endo et al. [4] showed experimentally that the (low order) natural frequencies for
free vibration of a thin rotating ring corresponded well with the unforced version of this equation even though the inextensibil-
ity assumption is applied. For further comparison, two alternative but more complex models are given in the appendix that take
account of circumferential extension and give further insight on the validity of Eq. (8). Note that the non-circularity terms on
the right side are constant (time-independent) forcing terms that, for the free rotor, produce a deformation that tends to cancel
the initial non-circularity as the rotational speed increases, i.e. an initially non-circular rotor becomes circular as the rotational
speed tends to infinity. This behaviour, which is intuitively reasonable, is seen only when inextensibility is assumed for both the
elastic and initial plastic deformation, as in Eq. (1). With the addition of discrete bearing supports, the impact of non-circularity
on vibration is more complex.

2.2. Fixed-frame dynamics

To describe the rotor interaction with space-fixed bearing supports, it is convenient to express motion in terms of fixed-frame
coordinates. For a given point on the rotor, the fixed-frame angular position is ¢ = 8 + Qt. We define u(¢, t), v(¢, t), ug(¢, t) and
Fi(¢, t) as the radial and tangential displacement, non-circularity and distributed radial force as functions of ¢, respectively. For
each of these parameters, y.(, t) = y(¢(0, t), t) and so the following relations hold

oy _ 0y . oy
0 = op V= y+Qa¢

Using these transformations in Eq. (8) gives the equation of motion in stationary frame coordinates as

0%v . 03v ov 0 d 05y 0%v 0%v 1 aF* 2 a3u0 Jug
(a¢2‘v>+m(a¢3+%>+“’° (”macp )(a¢6” Y 02¢> pdi 9 = <a¢3 * %)
(10)

9y, _ 9y 9)



W. Fakkaew and M.O.T. Cole / Journal of Sound and Vibration 423 (2018) 355-372 359
2.3. Discrete model

The non-circularity can be approximated by a truncated Fourier series in the form
M
Uyp(0) = Z [a; cos jO + b; sin j6)| (11)
j=1

where g; = %/02” Uy cos jO df and b; = %/02” U, sinjO df. The displacement component due to non-circularity uy(¢,t) =
U,0(¢p — Q) is then given by

M M
uo(p,t) = Z (a; cos jQt — by sin jQt) cos jep + Z (a; sin jQt + b; cos jQt) sin j¢p (12)
j=1 j=1

Since the j = 1 coefficients relate to the ring offset, the reference circle centre may be chosen such that a; and b; are zero, i.e.
collocated with the mass-centre of the cylinder.
Discrete radial bearing forces Fg,(t), applied at angular positions ¢, and indexed by n, may be modelled by

NS
Fi0) = = D Fin(©8(h = ¢n) (13)
n=1

| =

where 6(.) denotes the Dirac delta function.
Suppose a solution to Eq. (10) can be approximated by

ov(e, t)
op
where sin m¢ and cos m¢ are the mode shapes for undamped free vibration and p,,(t) and q,(t) are the mth modal radial

displacements, with m being the nodal index. Substituting Eqs (12)-(14) into Eq. (10) and exploiting the orthogonality properties
of cos m¢ and sin m¢ yields a set of 2M equations:

M
u(gp, t) = ~ Z [pm(D)sin me + q,,,(t)cos mgp) (14)
m=1

NZ

P — QEmlm + ThinPm + kmPm — QTmKedy — Iy Z Fy, sin mgg, = —Q?h,, [a,, sin mQt + by, cos mQxt] (15)
n=1
NZ

G + Qb + Thmm + kG + Qemky by — I Z Fy, cos mepg, = —Q*hy, [=b,, sin mQt + a,,, cos mQ] (16)
n=1

—rmm=? o omA(m?-3) o om(m-1) o m?
where ky, = &g m2+1 M T m241 oM T 241 M T prdiR(m2+1)

T
By defining vectors x = [p; q; p G2+ - Py qM]T and F = [Fﬂ Fop - -- Fst] , equations (15) and (16) can be rewritten in
matrix form as

M
%+ (1Cy — QC X + (Ky — 7QK)x — LE'F, = ~Q?H,, Z [Wyn_q sin mQt + W, cos mQt| (17)

m=1

where the block-diagonal matrices involve submatrices

S LI B
27 lo1|” P |10

and are given by

Co = diag (T, koly, .. kyly ),

C, = diag(gJ,, &5, ... gMJZ),

(

(
Ko = diag kT, Ko, ... kyly),
Ky = diag (kyJy, 2kpdy . Myl ).
(

H0=diag h]Iz, hzlz, hMIZ)’
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L = diag (LT, LL. ... Iyl,),

W = diag ((allz +b.Jy), (@], +byJy), ... (ayly+ bMJz))

Also, W; denotes the jth column of W. The matrix E; is a force distribution matrix that introduces a modal coupling according
to the support positions:

singg; cos¢y sin2¢y;  cos2¢py - -- sinMey cos Mgy

E - sing, cos¢, sin2¢, cos2¢py, - sinMepg, cos Mg,
s . . . . . .

sin gy €OS gy, Sin 2¢pgy €OS 2¢pgy. - -+ sin Mepgy COS Mepgy,

A set of radial displacements y = [y(qbl, ) y(y, 0) - - - y(Py» t)]T may be defined for a general set of fixed angular positions
b1, .- , Pk These will equal the summation of the displacements due to elastic deflection and the initial non-circularity, as given
respectively by Eqs (12) and (14):

M
y=u+ug =E<x+ Z (W1 sin mQt + W, cos mQt)) (18)
m=1
where
sing, cos¢p; sin2¢; cos2¢; --- sinM¢; cosM¢p,
E— singp, cos¢, sin2¢, cos2¢p, --- sinM¢p, cosMep,
singy cos¢y sin2¢y cos2¢y --- sinMeg cos Mgy

In practice, the vibration of the rotor wall may be observed by measuring the rotor surface position using non-contact sensors
such as proximity probes or laser vibrometers.

2.4. Discrete space-fixed spring-damper supports

For a discrete radial bearing unit with linear stiffness and damping properties (with coefficients kg, and c,, respectively), the
applied force is given by

an(t) = FOn + Csny(d)sna t) + ksny((ﬁsn, t) (19)

where F,, is a preload. From Eq. (18), the bearing forces may be expressed in matrix form as
M
F; = Fy + CExX + KEEx + (QCE,S + K(E) Z (Wam_q cos mQt + Wy, sin mQt) (20)
m=1

where

C, = diag (e, o0 o Gy )
K, = diag (K, koo o Ky, )

S = diag (1, 20, .. M)

Substituting Eq. (20) in Eq. (17) and rearranging yields
M
R+ CoX+ Kox =fo+Hg ) (Wyy_q sin mQt + Wy, cos mQt) (21)

m=1

where
Cq, = 7Cy + LE!C(E; — QC,
K, = K, + LETK.E; — QK|

Hy, = -Q’H - QLE!C,ES — LE'KE,

fo = —LE'F,
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Fig. 2. Thin-walled rotor with active magnetic bearing supports: schematic.

Equation (21) describes the forced response behaviour due to non-circularity, where the mechanism for excitation is embodied
via the time-dependent terms on the right side of the equation. The excitation behaviour depends critically on the matrices
ETKE, and ETCE,, which depend on the bearing unit characteristics and locations. To reveal the nature of this influence,
numerical results are presented in Section 3.

2.5. Active magnetic bearing supports

Consider now the case of a thin-walled rotor, supported radially by a distribution of electromagnetic actuators, as shown
schematically in Fig. 2. Further details of a prototype system and experimental results will be given in Section 4. Levitation
of the rotor is achieved through electromagnetic forces generated by the actuators using a coil-winding scheme where each
actuator has two independently powered coils having number of turns N; and N, and regulated currents I; and I,. A standard
model for the attractive force between the actuator and rotor may be adopted [20]:

_ ﬂOAp(Nlnlln + NZn’Zn)2
- 2
(liron//"r + an)

where y is the permeability of free space, y, is the relative permeability for the core material, A, is the pole-face area, l,, is
the mean flux path length through the actuator core and s is the size of the air gap between the rotor and actuator.

Suppose that the coil currents are produced by four powering drives and are given by I, (t) = iy % i;(t) and I, (t) = iy £ i,(t)
where ij is a fixed bias current and iy, i, are two control currents, with the sign + dependent on which of the four drives is
connected to the coil. The air gap s may be expressed as s,,(t) = sy — ¥(¢s,, t). Linearizing about a given operating point s = s,
and I; ; = i, gives the attractive force at each actuator as

FSTI

n=1, 2, ...,N (22)

Foo(t) & Fop — dopY(dgn, £) + dqpi (O) + dypin(t), n=1,...,N (23)
where

_ HoAy(N1pip + Nopig)? _ 4pgA,(N1nig + Npyig)?

Oon 2 Oon 3
(liron/ﬂr + 250) (liron//"r + 250)
2410ApN1n(N1nip + Napip) 240ApNon(N1nip + Napip)

m== 2 dZn =x 2 :

(liron//"r + 250) (liron/ﬂr + 230)

Equation (23) may be combined in matrix form as

M
F,=F;+Di— DOES<X - Z (Wayp_1 sin mQt + Wy, cos mQt)) (24)
m=1
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where
T
¥, = [Fm Fop ... FONS] ,
. . . T .
1= [11 12] » Do = diag (dma dozs - dONs)’
dy; d d !
D, = 11 G2 .- OGN
d21 d22 e dZNS
For levitation control, a general PD-type feedback law may be employed:
i=-Kpy - Kpy (25)
where y is the rotor wall positions, as measured by two proximity probes, which may be expressed as in Eq. (18). The controller

gain matrices Kp and Kp have dimensions 2 x N,. The fixed-frame discrete model of a thin-wall rotor with active magnetic
bearing support follows from Eqs (17), (24) and (25) as

M=

X+ Cox+ Kox =f5 + Hy, ) (Wyy_y sin mQt + W, cos mQt) (26)

m=1

where
C;, = 7Cy + LE{D,K,E — QC;
K}, = Ky — LE[D(E, + LE[D,K;E — QK
H;, = —Q”H — QLED,K,ES — LE] (-DE; + D;K;E)
f* = —-LE!F,

Some important differences between this case and that of the spring-damper supports is that the actuators behave like neg-
ative stiffness springs, as modelled by the matrix ESTDOES. This effect is compensated by feedback, which produces a stabilizing

stiffness matrix ETD; KpE and damping matrix E'D; K, E. Note also that D; depends on the coil winding pattern and this can
be exploited in order to minimize the excitation of flexural modes through the bearing.

2.6. Steady-state solution

It may be assumed, based on linearity, that the solution for steady-state vibration takes the form
M
x(t) = Ag + Z (A (Q)sin mQt + B, (Q)cos mQt) (27)
m=1
where A, B,, € R?M*1_ After substituting Eq. (27) in Eq. (21) and using the method of undetermined coefficients, we obtain

AO = Kg=0f0 (28)

Anl| _
Bm
where I € RZM*2M is the identity matrix. Equations in the same form can be obtained for the AMB model (Eq. (26)).

From a practical point of view, it is useful to be able to predict the vibration of the rotor wall that would be observed at a
fixed point in the stationary frame. This is important when the rotor has finite clearances with surrounding components that
are fixed in space. It will also correspond to the vibration that would be measured by surface proximity sensors. The solution
can be obtained by substituting Eq. (27) into Eq. (18):

Ko — (mQP1  —mQCy ]_1 (29)

mQCq Ko — (mQ)’1

HoWyn g
HoW;,

M
y=-EA,-E Z [(Ap, + Wop_p)sinmQt + (B, + Wy, )cos mQt | (30)

m=1
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Table 1

Rotor properties.
Parameter Symbol Value Units
Rotor radius R 111.0 mm
Wall thickness d 3.1 mm
Material density p 7740 kg m~3
Young's modulus E 2x 10" N m2
Axial length I 51 mm

3. Numerical study

To investigate the vibration behaviour of a thin-walled rotor for cases with spring-damper supports, a numerical study has
been undertaken. The considered properties correspond to an experimental rotor with length 51 mm, radius 111 mm and wall
thickness to radius ratio d/R = 5/179. The rotor was manufactured by electric discharge machining from martensitic stainless
steel (grade 420 ]). Further properties are given in Table 1. Table 2 shows the natural frequencies for free vibration of the rotor
obtained from the inextensible ring model Eq. (8) and from 2-D thin-shell models, as detailed in the appendix. The difference
between the inextensible case and full 2-D model is very small, as expected for the given d/R value. With the classical DMV
assumptions for thin shells there are significant differences. Importantly, the neglected terms result in an erroneous imbalance
of internal forces and so the natural frequency for the rigid body modes (m = 1) is non-zero. Such errors are unacceptable
for combined rotor-bearing system modelling where the modified dynamics, including rigid body modes, must be captured
accurately.

Firstly, the case of unsymmetrical two-spring supports will be presented to show the basic behaviour predicted by the pro-
posed model (Eq. (21)). Cases with symmetrical and unsymmetrical bearing supports will then be compared to examine the
effects from symmetry and multiplicity.

3.1. Unsymmetrical two-spring supports

Two orthogonal supports are considered with the following properties

¢y =0rad, kg =90kNm™',c; =9 Nsm™!

¢ =7r/2r1ad, kg =225 kNm™!,c; =225 Nsm™!

Zero preload is assumed (f, = 0). The material relaxation time is 0.1 ps. All calculations are based on a 24th order model (M = 24)
for the rotor in Table 1.

For presentation of the results, the non-circularity is considered with coefficients a, =0pm and b, =1 pm, m=
1,2, ...,24. For observation at a single location, and in accordance with Eq. (30), the vibration response may be defined in
terms of the following amplitude/phase parameters:

am(Q) = _E(Am + WZm—])’ ﬂm(Q) = _E(Bm + WZm)’

(31)
Yu(Q) = \/ah + . win(Q) = tan”' (B /o)
The observed vibration can then be expressed
M
Y10 =Y Yyn(Q)sin (mQt + () (32)
m=1

Equation (21) shows that, for a given speed Q, the forcing frequencies are w = Q, 2Q, 3Q, ..., 24Q. The response amplitudes
Y,,(€2) may be evaluated for each harmonic frequency mQ based on Eqgs. (29) and (31).

Suppose that the observation of vibration is made at angular position ¢»; = 7 /24 rad. A plot of the amplitude of each har-
monic component of the vibration over the (Q, mQ) plane is shown in Fig. 3. For illustration, harmonic amplitudes for a rotational

Ele):freztical natural frequencies (in Hz) for flexural vibration of free non-rotating rotor.
Model m
1 2 3 4 5
1-D Inextensible ring model (Eq. (8)) 0 157.673 445.965 855.099 1382.88
2-D thin-shell model (Eq. (A.4)) 0 157.659 445918 855.001 1382.71

2-D model with DMV assumptions (Eq. (A.6)) 41.550 210.226 501.698 912.080 1440.46
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Fig. 3. Response amplitudes due to non-circularity excitation.

frequency of 60 Hz are highlighted as vertical lines at points (60, 60 m) Hz having height Y,,. For varying rotational speed, the
frequency response due to the mth non-circularity component is defined in the domain w = mQ.

The Campbell diagram shown in Fig. 4a was constructed from the numerical eigensolutions for Eq. (21) for a set of discrete
Q values. The resonant peaks in Fig. 3 align with the natural frequencies shown in the Campbell diagram. Note that some
splitting of the natural frequencies occurs at zero speed due to the asymmetry of the discrete supports. The ‘front’ view of Y,
as a function of Q is shown in Fig. 4b. Resonance conditions are observed for Y, at the intersections of the line w = 4Q and
the natural frequency lines in the Campbell diagram. Clearly, if the rotor has high order non-circularity then many resonance
conditions can arise during spin-up or spin-down.

3.2. Effect of symmetry and number of supports

To show the effects from symmetry and multiplicity of supports, four different cases are considered, as detailed in Table 3.
Equal support stiffness and damping k, = 17 450 N m~!, ¢, = 1.7450 N s m~! are assigned for the 3-support cases and k, =
4131 Nm~1, ¢, = 0413 N s m~! for the 12-support cases.

The Campbell diagrams for the cases with non-symmetrical supports are shown in Fig. 5a, and the harmonic response ampli-
tudes Y, 5 shown in Fig. 5b and c. The natural frequencies of the two rigid body modes are split for these cases. The flexible
mode natural frequencies depend on the stiffness of the supports but are not affected significantly by the symmetry or number
of supports, as the support stiffness is relatively low. Resonant peaks are seen at all crossing points of the lines @ = mQ and the
natural frequency lines in the Campbell diagram.

For the symmetrical cases with equally spaced supports, the Campbell diagrams are shown in Fig. 6a, and the response
amplitude Y, 5 for each case shown in Fig. 6b and c. For these cases, a resonance occurs at only some crossing points. Also
resonance is not seen at all if there is a sufficient number of supports (see Fig. 6¢).

These phenomena can be related to the structure of the matrix Hg, in Eq. (21), as this matrix determines the coupling of each
excitation harmonic with each mode. The dominant term in Hg, is LEEKSES. The 2 x 2 submatrices that make up EEKSES are
given by

K; = k, % sinigy, sinjgs,  sinigpg, cos jbg,

. .. . . . (33)
n=1 | COS ihsy sinjbg,  €OS by COS jibgy

This matrix determines the excitation of the mode with nodal index i by the jth non-circularity harmonic. From the numerical
study, it is found that if the off-diagonal submatrices (i # j) are non-zero then one or more resonances are observed. For non-
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Table 3

Cases with different numbers and positions of supports.

Supports

Support positions

3 symmetrical
3 non-symmetrical
12 symmetrical

12 non-symmetrical

2z 4n
035

87 237
0.5 %%
0 f 2 3t lix
5’ 66" 6
0, n 2z 4z 67 97

21" 21" 21" 21" 21°

12z 167 20 25z 307 367

365

symmetrical supports, K; # 0 for i # j, and this leads to a coupling of every non-circularity excitation harmonic with every rotor
mode. In the case of symmetrical supports, Kj; = O for alli # jand i +j < N, and so resonance is only observed for some crossings
involving sufficiently high nodal index and non-circularity harmonic. In addition, if the number of supports N; is larger than the
model order then ESTKSES becomes a diagonal matrix and no resonance is observed. Physically, with many identical supports,
a given location fixed on the rotor does not experience any variation in loading from the supports and, therefore, there is no
excitation from non-circularity.

Clearly, the resonance of a rotating non-circular ring interacting with space-fixed support can be avoided by having a suf-
ficient number of identical evenly spaced supports. An alternative approach to avoid resonance with active magnetic bearing
supports is to generate a distribution of actuation forces that couples only with the rigid body modes (by satisfying an orthog-
onality condition with respect to the flexural mode shapes). A system design based on this scheme has been tested, and results
are described in the following section.
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Fig. 5. (a) Campbell diagram for unequally spaced supports (b) Response harmonic amplitudes Y, s for 3 supports (c) Response harmonic amplitudes Y, 5 for 12
supports.

4. Experimental study
4.1. Experimental setup

In this section, vibration of a rotor with active magnetic bearing support will be studied by experiment and results compared
with theoretical predictions. Fig. 7 shows the experimental system, which comprises a thin-walled rotor with internal magnetic
bearing constructed as a circular array of 24 identical actuators having E-shaped cores. The rotor properties were previously
described in section 3, with details given in Table 1. The coil-winding scheme for the actuators is given in Table 4 and the coils
connect with drives supplying currents as follows:

ip+i, n=1,2,..,12
I]n = _0 .1 (34)
ip—i;, n=13,14, ..., 24

i iy, =7,8,..,18
Ly=4 0t T (35)
ip—iy, n=1,2,..,6,19, 20, ..., 24

Key parameters for the actuator design are listed in Table 5. The rotor is connected by four flexible couplings to a disk driven
by a DC motor, as shown in Fig. 7. The rotor is levitated without contact during operation under feedback control and the mean
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Fig. 6. (a) Campbell diagram for equally spaced supports (b) Response harmonic amplitudes Y, 5 for 12 supports.

air-gap size between the rotor and stator (actuator poles) is approximately 0.8 mm.
Two proximity sensors are installed at positions ¢ = 7 /12 and ¢ = 11z /12. The PD-feedback gains, as defined for Eq. (25),
are

-0.135 1.026 -0.135 1.026
Kp =k, , Kp=ky (36)
1.026 -0.135 1.026 -0.135

where k, =5700 Am~' and k; =85 Asm™".

4.2. Experimental results

The non-circularity of the rotor was determined by measuring the inside radius for evenly spaced points with angular sepa-
ration x /5 rad. Fourier series coefficients were then determined as reported in Table 6. The coefficients a; and b, are negligible
for a well aligned coupling.

The theoretical model of the rotor with active magnetic bearing supports (Eq. (26)) was first validated experimentally
by frequency response measurements, undertaken for various rotational speeds. The rotor was excited by small auxiliary
coils wound on actuators 1 and 2, which produce localized forcing of the rotor wall close to the sensor location. The results
shown in Fig. 8a are for rotational speeds of 0, 15, 27 and 34 Hz. The comparison between theoretical natural frequencies
and the resonance frequencies observed from experiment are shown in Fig. 8b. Generally, a good level of agreement is seen,
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Fig. 7. Experimental system: Active magnetic bearing applied to a thin-walled cylindrical rotor (a) internal bearing actuator array (driving disk removed) (b) side view.

Table 4

Coil winding scheme for AMB actuators.
Actuator no. 1 2 3 4 5 6 7 8 9 10 11 12
N; (turns) 0 16 30 42 52 61 70 61 52 42 30 16
N, (turns) 70 61 52 42 30 16 0 16 30 42 52 61
Actuator No. 13 14 15 16 17 18 19 20 21 22 23 24
N, (turns) 0 16 30 42 52 61 70 61 52 42 30 16
N, (turns) 70 61 52 42 30 16 0 16 30 42 52 61

though there are extra resonance peaks appearing in the experimental data in Fig. 8a. These are due to modes involving out-
of-plane rigid body tilting and flexural twisting and are believed to be excited due to the effect of the attached coupling.
These modes cannot be captured by the theoretical model because any dependency of u(,t) on the axial z coordinate is
neglected.

These experimental findings are aligned with those of Endo et al. [4] for a thin spinning ring and confirm that the rotating
ring model based on shell theory can accurately describe the vibration of a thin-walled rotor, at least for small values of nodal
index.

To evaluate steady-state vibration excitation, the rotor was operated at constant rotational frequency and the vibration of
the rotor wall recorded using the proximity sensor at ¢p = 7 /24 rad. The rotational frequency was varied from 2 Hz, increasing
in steps of 0.5 Hz up to 36 Hz, which was the maximum limit for the driving motor.

Table 5

Actuator properties.
Parameter Symbol Value Units
Pole face area A, 100 mm?
Core flux path length Livon 100 mm
Mean gap size So 0.8 mm
Permeability of free space Ho 47 x 1077 Hm™!
Core relative permeability Hy 350 -
Bias current iy 2.2 A

Table 6

Non-circularity measurements for experimental rotor.
Harmonic j 2 3 4 5 6 7 8 9 10
a;(pm) -333 -1.7 4.0 -1.1 13 -0.8 0.4 -0.4 0

b;(pm) -4.5 -3.0 -13 1.7 1.1 -1.1 0.8 -0.2 0.2
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Fig. 8. (a) Frequency response data for excitation of levitated rotor for different rotational frequencies (b) Campbell diagram: forward (F) and backward (B) modes are
indicated, with experimental measurements shown by o.

Fig. 9 shows the measured displacement signal and harmonic components for rotational frequencies of Q =
9.96 Hz and Q = 20.05 Hz. The harmonic component amplitudes were determined by a discrete Fourier transform
approach. The harmonic component Y; is predicted to be zero by the theoretical model but arises due to syn-
chronous forcing (rather than non-circularity), notionally due to coupling offset and/or inhomogenous properties of the
rotor.

The harmonic component amplitudes for a range of rotational frequencies are shown in Fig. 10 and compared with theo-
retical predictions based on the model Eq. (26) and the measured non-circularity. These results indicate there is a good level
of agreement between the model-based prediction and the actual behaviour. For higher order harmonics, the vibration ampli-
tudes become very small (< 10 pm) and so their measured values are perturbed by uncontrollable effects, including electri-
cal noise, quantization and small fluctuations in rotational speed. The most significant resonances are due to excitation of
the rigid body modes, and the associated amplitude variations are captured well by the model. The resonant peaks associ-
ated with the rotor flexural modes are very small, partly due to the distributed actuation topology, which has been designed
to minimize coupling of the bearing forces with the flexural modes. Nonetheless, small resonances can be detected in the
experimental data that are consistent with the model-based predictions. It is also seen in Fig. 10 that, for each harmonic,
there is an anti-resonance close to the rigid body resonance, when the excitation frequency is approximately 38 Hz. The anti-
resonance is associated with tilting mode vibration and, therefore, cannot be captured by the model. Importantly, the mod-
elling approach can be used to determine permissible levels of non-circularity such that contact between the rotor and stator is
avoided.
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Fig. 9. Measured vibration and harmonic components for steady rotation of levitated rotor at (a) rotational frequency of 9.96 Hz and (b) rotational frequency of 20.05 Hz.

Fig. 10. Campbell diagrams and non-circularity response for levitated rotor considering (a) even harmonics and (b) odd harmonics. Theoretical predictions of the amplitude
of vibration are based on the measured rotor non-circularity. Experimental data is shown by [] symbols.
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5. Conclusions

This paper has introduced a mathematical model for the vibration of a thin-walled cylindrical rotor subject to small non-
circularity and coupled to space-fixed bearing supports. Rotor non-circularity has been shown to give rise to multi-harmonic
excitation of the rotor-bearing structure. Whether a resonance occurs at a predicted critical speed depends on the multiplic-
ity and symmetry of the bearing supports. Generally, a large number of evenly spaced identical supports will eliminate the
possibility of low order resonance conditions. The modelling approach can also be applied to thin-walled rotor-AMB sys-
tems by accounting for feedback controlled electromagnetic actuators within the formulation. The experimental results for
an AMB-supported rotor showed that significant flexural mode resonance could be avoided for the considered distributed
actuation topology. Also, numerical predictions based on measured non-circularity showed good agreement with measure-
ments of vibration of the rotor wall, thereby confirming the validity and utility of the theoretical modelling. A limitation
of the work, at present, is that axial variation in wall deformation was not addressed by the modelling. Extending the
work in this way will be important for vibration prediction for longer thin-walled rotors with axial distributions of bearing
components.
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Appendix. 2-D cylindrical shell models

This appendix describes alternative models based on shell theories that yield useful comparative results for free vibration
behaviour.

2-D model without inextensibility assumption

A two-dimensional model for vibration of a thin rotating annulus may be obtained from Eqs (2)-(4) without the inextensi-

.. . . Edl . . . . .
bility assumption by applying N = ?(V; — u,), yielding rotating frame equations of motion as

E Ed? 4y

2 o .

W(v; -u,) - 2R @ + v+ Q! + v, +u,) = il + 2Q0, (A1)
2

p%(V’r’ —up)+ 1’25‘;R4 W +v!) + Q%! =V, - 2Qil, (A2)

These equations are consistent with Love’s approximation theory for thin shells [21]. Substituting the free vibration solution in
the form

u, Aej(m0+wt)
vl ™ jBelmO+on) (A3)
.
leads to the following eigenvalue problem for natural frequencies w:

—2 —2 —
A-smi—m? - 1)Q +@° —-m-6m>—mQ +20m|[A
m* —(m QR +w m m- —mQ + 2Qw —0 (A4)

—2 — -
—m—-6m3 —-mQ +2Qw 1+ &m? + @ B

where Q = QR+/p/E,® = wR+/p/E and & = d? /12R?. The characteristic equation is thus quartic in @ and (for each value of m)
yields four natural frequencies. The two lower frequencies relate to predominantly flexural modes (for which u, ~ v/) while the

two higher frequencies are extensional modes. Under the assumption 6m? < 1, the natural frequencies (for Q = 0) follow as
m(m? — 1) 2R

Cl)f =Wy —F/—, W, =*xwWy— 3(m2 +1) (A5)
m2 +1 d

The first frequency matches that for the inextensible ring model Eq. (8), thereby confirming its validity for cases where dm <«
2\/§ R. The exact value from (A.4) will be somewhat lower, however.
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2-D shell model with DMV approximations

A possible simplification for thin-shell cylinders is to neglect the radial shear stress term in the tangential acceleration Eq.
(A.2). A further approximation made in Donnell-Mushtari-Vlasov (DMV) theory, is that the contribution of the tangential dis-
placement to the bending strain is negligible [22]. Under these assumptions, Eq. (A.4) simplifies to

—2 ., —2 —
1-om*-m?*-1)Q +@ -m-mQ +2Q0|[A

oo L, =0 (A6)
-m-mQ +2Qw -m*+w B

Although commonly applied, the validity of this model for a thin-walled rotor-bearing system should be verified by comparison
with the results from Eq. (A.4).
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An Active Magnetic Bearing for Thin-Walled
Rotors: Vibrational Dynamics and
Stabilizing Control

Matthew O. T. Cole

Abstract—This paper describes a novel active magnetic
bearing with distributed actuation, designed for contact-free
support of a thin-walled rotor. A full-dynamic analysis, con-
trol formulation, and experimental evaluation are presented.
Important aspects of the bearing operation include the vi-
bration excitation of the rotor wall due to asymmetries in
manufacture and assembly, and the limits of stable opera-
tion with respect to static loading of the bearing. For the pro-
posed design, the vibratory dynamics for flexure of the rotor
wall are accounted for explicitly in the actuator coil-winding
and driving scheme so that the coupling of the levitation
control with the wall dynamics is minimized. This enables
the selection of control feedback laws based on rigid-body
dynamic considerations alone. Dynamic performance is in-
vestigated by theoretical and experimental study involving
a prototype rotor-bearing system. The operating principles
are validated and the dynamic behavior is shown to align
well with the theoretical predictions.

Index Terms—Active magnetic bearing (AMB), hollow ro-
tor, rotordynamics, thin-walled structure, vibration control.

[. INTRODUCTION

N ROTATING machine design, achieving a high stiffness-
I to-mass ratio for rotating parts is often a key requirement for
extending envelops of operation and performance. This has led
to the introduction of hollow shaft rotor designs for several ma-
chine types, including turbomachines [1]-[3]. Modern additive
manufacturing methods such as metal deposition and optimized
composite shell fabrication will further support the creation of
more complex thin-walled rotor structures [4], [5].

For all rotating machinery, vibration phenomena arise from
the interaction of rotating parts with fixed bearing compo-
nents. Classical rotordynamic considerations deal primarily
with the lateral vibration of rotors due to asymmetries arising in
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manufacture and installation, such as rotor unbalance or com-
ponent misalignments [6], [7]. A key issue is that the natu-
ral modes of vibration for the rotor-bearing structure give rise
to critical speeds at which resonance occurs during operation.
Damping of rotor flexible modes to allow supercritical operation
can be achieved with passive components, such as magnetic or
squeeze-film dampers [8], [9], or by active techniques, e.g., with
actuated bearings [10], [11]. For systems with active magnetic
bearings (AMBs), optimized feedback controller designs can be
usefully applied [12]-[15]. Active control methods that involve
direct vibration cancellation are also possible, e.g., those based
on adaptive cancellation [16]-[18], notch-filtering of feedback
signals [19], or repetitive control methods [20].

For hollow rotors, the natural frequencies for vibration due to
lateral bending will become much higher than the rotational fre-
quency range if the wall-thickness-to-radius ratio is sufficiently
small. However, excitation of vibration within the wall of the
rotor then becomes a new concern. Further issues may relate to
stress-concentration that occurs where the rotor wall connects
with supporting bearing components. One possible approach to
overcome these issues is through the use of distributed AMB
elements that can support a rotating component by applying
forces over a larger surface area than is possible with mechan-
ical bearings. The potential to apply control forces to actively
suppress vibration within the wall structure of the rotor is also
significant.

This paper introduces a new design topology and control
approach for the integration of a distributed AMB with a thin-
walled rotor. Although AMB designs for hollow cylinders and
ring-like rotors had been previously reported, the rotor walls
were sufficiently thick that their distortion could be neglected,
and so control considerations focused on rigid-body dynamics
[21] or vibration due to lateral bending [22]. In this paper, a
hollow rotor is considered for which the walls are so thin that
their flexibility cannot be neglected in the actuation and control
strategy. Although the results here involve analysis and experi-
mentation on a short cylindrical rotor, an applicability to more
complex rotor structures is foreseen and may be evaluated fully
in subsequent work.

II. CONCEPTUAL APPROACH

A concept for active bearing interfacing with a thin-
walled rotor structure is exemplified by the circular array of

1083-4435 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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array of electromagnetic actuators

thin-walled rotor

Fig. 1. Multiactuator radial AMB concept for interfacing with a thin-
walled cylindrical rotor (cutaway).

pole face
area A

t 11
rotor wa flux path

coils

actuator core

Fig. 2. Compact E-core actuator geometry.

electromagnetic actuators shown in Fig. 1. This topology would
be appropriate for an internal radial bearing applied to a hollow
rotor/shaft system. Similar concepts for internal/external radial,
thrust, and combination bearings can also be envisaged. For rea-
sons that will become clear, the jth actuator has a number of
independently powered coils (indexed by k) with the number
of turns N;; and regulated current i (t). Neglecting the eddy
current (EC) and saturation effects, the magnetic field strength
B; within the actuator core is given by (see [23])

Ho .
B =—— Ny i 1
! liron/,ulr + 23j zk: kitkg ( )

where li;o, is the mean flux path length through the actuator
core and rotor wall, s; is the size of the air gap between the
rotor and actuator, p is the permeability of free space, and i,
is the relative permeability of the core material. The geometry
of an archetypal E-shaped actuator is shown in Fig. 2. With
a further assumption of uniform magnetic field, the attractive

force between the actuator and rotor is
F, =2 p2 ©)
Ho
where A, is the pole-face area.

A main difference between the proposed topology and that of
a standard AMB is the number and size of the electromagnets.
The potential utility of any AMB is dependent on the load capac-
ity for a given axial length of bearing. The specific load capacity
(force per unit area) is fundamentally limited only by magnetic
flux saturation, which is material-dependent. Therefore, down-
sizing of the actuator to match the wall thickness should have
little effect on the overall capacity if the total pole-face area is
preserved. Rather, the main issue that arises is that the same
current-turns must be realized with a smaller coil volume, and
this introduces more localized heat generation and stringent
cooling requirements. For the tested realization of the concept
introduced in this paper, the actuators were operated sufficiently
below the maximum capacity so that heat generation could be
managed by passive cooling.

The state of the art for AMB control is to use dc servo ampli-
fiers to achieve a controlled variation of the coil currents around
a mean “bias” value [7]. Although this causes the uncontrolled
bearing to have unstable negative stiffness properties, it allows
the design of feedback control algorithms based on linearized
models. To make effective use of a large array of actuators, the
current in every coil should be varied according to real-time
measurements of rotor motion. It is beneficial, for reasons of
cost, reliability, weight, and size, if this can be achieved with
the minimum possible number of drives and sensors.

For industrial applications, it is also desirable that feedback
control strategies can be designed using simple models or test
procedures, at least to achieve initial levitation and stable op-
eration of a rotor. It is with this motivation that an actuation
strategy is proposed (in Section IV) for flexural mode decou-
pling such that the consideration of rigid-body dynamics and
proportional-derivative (PD) gain tuning is sufficient to achieve
stable operation with acceptable vibration behavior during ro-
tation. The expectation is that more sophisticated model-based
feedback control or vibration suppression algorithms may then
be designed and implemented as add-on controllers to improve
the overall performance with regard to flexible-mode damping
and vibration suppression. However, such extensions are outside
the scope of this paper.

I1l. DYNAMIC BEHAVIOR OF A THIN-WALLED ROTOR
A. Wall Vibration

To understand the interaction of rotor wall vibration with
AMB operation, a mathematical model is first developed based
on the established shell theory for vibration of thin-walled cylin-
ders [24], but with modifications that take into account rota-
tional effects [6], [25]. According to Fig. 3, a reference frame
(X',Y', Z) rotates with the rotor at a constant angular speed
) about the fixed axis OZ, which is the axis of symmetry for
the undeformed rotor. The deformation of the cylinder walls in
the radial x-direction is given by w(t, ) and the deformation
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Fig. 3. Local (z,y, z) and fixed global (X,Y, Z) coordinate systems
for describing the vibration of a hollow cylindrical rotor.

in the tangential y-direction is given by v (¢, 6), where 6 is the
angular position defined relative to the reference line O X', fixed
in the rotating frame. The equations of motion for a differen-
tial element with cross-sectional area A and length rdf may be
expressed in terms of the internal forces f, and f, in the nor-
mal and radial (shear) directions, respectively, and the moment
about the z-axis m, [6] as

8(,9]2 +rfyk, +rL, =TpA [u + 200 + Q*(r — u)] 3)
ofy B - hOn »0u
20 rfpk, =TpA v — 200+ Q 70 4
om,
o rh =0, (5)

Here, «. is the curvature of the neutral plane about the axis of
rotation. The variable L, (6) is an applied force distribution (per
unit length) in the radial direction. The moment—strain relation
for bending is

m. = EL (r. — 1/7) + TEIZ% (6)

where F is Young’s modulus, I, is the second moment of area,
and 7 =  is the material relaxation time, as appropriate for a
Kelvin—Voigt material model. The curvature may be expressed
as
_ L (1) 4 4@
K, = 2(r+v +u ) (7)
T

where, for brevity, the notation um) = gn u/00" is adopted. A
mean normal force may be associated with the constant (cen-
tripetal acceleration) term on the right-hand side of (3) and is

m=2 \

| |
| = !
\ o 2.683 @

m=4

o =14.552 w
n 0

m=23

o = 7.589 @,

Fig. 4. Mode shapes for vibration of the walls of a hollow rotor. Natural
frequencies are shown for a nonrotating case.

given by f,, = pAQ*r?. Substituting (6) and (7) into (3)~(5)
and retaining only first-order terms gives

of. I, =

GJ; + %(fu(l) +u@)+ f, + 7L,

= rpAlii 4+ 20 + Q*(r — u)] ®)
%’;” — fo = rpAlt — 200 + Q*uV] 9)
]”;ﬁ (W +u®) + Tffz W +u®)+rf, =0 (10)

where f, = f, — f,,- Eliminating f, and f, from (8)~(10)
gives

W2 {v(m 420 4@ 4 T%(vm) 420 4 M)]

" 5722 (U<2) _ U) n 49%@<1>) 2 (v<4) n 3U<2>)

1 9L,

where wy = \/F1, /pr*A, and the assumption of circumferen-
tial inextensibility u = 0v/00 has been applied [24].

Solutions to (11) can be obtained in the form of w,, (¢,0) =
P, (t) sinmé + Q,, (t) cos mb, where m is the nodal index and
corresponds to the (integer) number of wavelengths that fit
within the rotor circumference. The corresponding mode shapes
for the first four modes are shown in Fig. 4. Substituting this
solution into (11) and exploiting the orthogonality properties of



2862

IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 23, NO. 6, DECEMBER 2018

cos m# and sin m0 leads to
(m? 4+ 1)P,, +40mQ,, + twim?(m?* —1)*P,,

+ [szz(m2 —3) +wim?(m* — 1)*| P,

m?sinmlp

=" F 12
wprA (12)

(m* 4+ 1)Qn — 4QmP,, + 7wim?(m* — 1)*Q,,
+ [szz(m2 —3) +wim?(m? — 1)*|Qmn

m?2 cosmbp

BN 3

wprA (13)

Here, a force F' from a single bearing actuator has been ac-
counted for by assuming the force is applied in the radial
a-direction at position 6§ = 6 so that L, = 6(0 — 0p)F/r.
Equations (12) and (13) can be expressed in the first-order ma-
trix form as

Xm :AﬁerL +Bm(9F)F7 m = 1,...,00 (14’)
where X, = [P m @m P m Qm}T and
0 0 1 0
AR — 0 0 0 1
" —kpy — dem 0 —7ky, _ng
0 —kp — Pdy Qg =Tk
B, (0) = by, [0 0 sinmb cos mG]T
with
4 = mz(mz—?))7 - :wgmz(mz—l)z
m2 41 m2+1
~4m I m?
Im = " mprA(m? 4+ 1)

The solution for wall vibration is given by

u(t,0) = i U, (t,0) = i P, (t) sinm8 + Qy, (t) cosmb
m=1

m=1
(15)
where P, (t) and Q,, () satisfy (14).

B. Fixed-Frame Dynamics

A transformation to stationary-frame coordinates may
be undertaken by defining the fixed-frame angular po-
sition as ¢ =6 + Qt. Then, the radial displacement is
U, (t, @) = Py, (t) sinm (o — Qt) + Q, (t) cosm(op — Q) =
pm () SinmQt + g, (t) cosmft, where p, and ¢, are
fixed-frame modal displacement variables. This transformation
involves a rotation matrix

Dm
Q'ﬁl .

[ P, } cosmfQt  —sinmSt
Qm N sin mQt

cos mSit

By substituting this expression into (14) and assum-
ing the force F is applied at a fixed angular posi-
tion ¢p in the stationary frame, so that O0p = ¢p — Q,
we can finally derive the fixed-frame state-space equa-
tions describing the vibratory dynamics of the free rotor

as
jl‘m IZ><2 Tm
(Em Em (Q) xm

where ., = [Py ¢ ]! and

0252

Am (Q) + Bm (QSF)F

(16)

m=1,...,00

- km

—mQrk,,

mQrk,,

ATVL(Q) - —_k

-7k, —Qg, +2ms2

m () = O
9m — ZmQ

- Tkm

The deflection of the rotor wall at angular position ¢ is

u(t, @) = Y pm(t)sinme + g (t) cosme.  (17)

m=1

The natural frequencies for free vibration, and the variation in
their values with rotational speed, are important for the rotordy-
namic behavior. These may be determined from the eigenmodes
of (14) and (16) for observation in the rotating frame and fixed
frame, respectively. For each integer value of the nodal index
m, there are two natural modes. For a nonzero rotational speed,
their natural frequencies are distinct due to the Coriolis terms
+Qg,, in (14). For flexural vibration (m > 1), the lower fre-
quency mode corresponds to a forward-traveling wave, while
the higher frequency mode is a backward-traveling wave. The
m = 1 mode involves rigid-body translation, and both natural
frequencies are equal to the rotational frequency (for rotating-
frame observation). Campbell diagrams for the free rotor are
shown in Fig. 5.

To assess the potential for the excitation of these modes, the
natural frequencies should also be evaluated in the fixed frame
[see Fig. 5(b)]. It may be observed from the eigenvectors of
AFE that, for each value of the nodal index m > 1, the nat-
ural frequency for the forward-traveling wave (which is now
the higher value) increases monotonically with increasing ro-
tational speed. For the backward-traveling waves, the observed
frequency decreases with increasing speed, converging toward
zero. The potential for resonance may be anticipated due to ex-
citation sources having frequencies that are harmonics of the
rotational frequency, as also shown in Fig. 5(b). The presence
of higher harmonics could lead to many resonance conditions
during spin-up/spin-down, as indicated by the crossing points
in Fig. 5(b). These would arise due to unwanted asymmetries
associated with the rotor geometry (noncircularity) or material
properties. These characteristics are examined more closely for
the experimental rotor-bearing system under closed loop control
in Section V.
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Fig. 5.  Campbell diagram for a thin-walled rotor showing variation in
natural frequencies for wall vibration with rotational speed as observed
in a (a) rotating frame and a (b) fixed frame. Each natural frequency
relates to either a forward (F) or backward (B) traveling wave.

IV. SYSTEM MODELING FOR CONTROL ANALYSIS
A. Actuated Rotor

A state-space model of the rotor-bearing system, accounting
for an array of J actuators, is obtained from (16) as

Lyo

0252 T, + XJ: B (¢a)F
Em (Q) . = m 7 J

i'm o
i;'m a Am (Q) Tm
(18)

where the jth actuator is located at angular position ¢ = ¢7.
The radial displacement at the jth actuator location is

oo

u;(t) = Z P (t) sinma§ + g (t) cosmey.

m=1

19)

Coil winding and driving scheme for levitation control.

Fig. 6.

The radial displacement at sensor location ¢ is

[o¢]

yi(t) = Z P () sinme; + qp, (t) cosmey.

m=1

(20
If each actuator has two coils, then, according to the model

(1)—(2), the actuator force is

7 HoAp (N + Noji; )?
’ (lo — 2u;)?

2n

where ly = liron/ 1ty + 250 for equal gaps (55 = s0). A coil-
driving scheme with four drives, each used to power a series
connection of a subset of coils with a varying number of turns,
may be considered as shown in Fig. 6. Suppose the currents pro-
duced by the four drives are specified by a differential scheme
using a fixed bias current 7¢ and two control currents 7. and i.,
sothat i) (t) = ip £ 4. (t) and ip(t) = g & i.2(t) (with the sign
dependent on the drive connected to the coil). Defining coil-
turn parameters 7;; and 7);, which may take positive or nega-
tive values depending on the drive connected, but also satisfy
In1j] = Nij, |mj| = Naj, the actuation force may be expressed
as

_ poAp(Imjlio +mijict + [mjlio + 1m2jica)®

(l() — ZUJ‘)Z (22)

E;
Linearizing about a given operating point, denoted F, gives

Fj =~ Fyj + aijic1 + azjicr + hju; (23)
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where
arj = i (Im;lio + mjicr + |m;lio + nzjicz)(lozfofjj)z‘]g
azj = M2; (Imajlio + nijict + |m2ylio + ﬁzjicz)(lozm;;j)z‘E resultant
4po0 Ay

hj = (Imjlio + mjicr + [m2jlio + nzjicz)zm‘]z-
The parameters a;, ay; are force/current gains for the actuator,
while h; is the force/displacement gain and acts as a destabi-
lizing negative stiffness. The constant force components Fj;
may cause some small distortion of the rotor, but can be ne-
glected for dynamic analysis. Defining the block diagonal matri-
ces A = diag(Ah Az, ey A]u), Y= diag(El, Ez, ey EA[),
the linearized state-space equation for the open-loop dynamics,
retaining M modes, is obtained from (18) and (23) as

T 0 I X 0 Zb(:l
L= |t . (24)
x A+ A Y| | & BUA| | i
where A8 = BUH YT and
B = diag(bla bla b27 b27 s ,bj\,] ’ b]W)
H = diag(h],hz,...,hj)
[ singd  sing sing? ]
cos¢f  cos ¢ cos ¢
sin2¢{  sin2¢$ sin 2¢%
W — | cos2¢f cos2¢f €os 2¢
sin M ¢{ sin M¢$ sin M ¢
| cos M@} cos M@ -+ cos MeF |
[ann ax
a2 a2
A =
Laty azg

B. Coil-Winding Scheme

The aim now is to determine a coil configuration that will
admit stabilizing control at a nominal operating point using the
feedback of measured rotor radial positions at discrete locations
only. Standard noncontact displacement sensors may then be
used, though preferably as few as is possible. A key issue is that,
under these assumptions, there will always be actuators that are
not collocated with sensors and so it can be anticipated that the
stability of higher order modes will need to be considered when
synthesizing an actuation/control scheme. The approach taken
here is to adopt a winding scheme that (for a given operating
point) decouples the net actuation forces from the flexural modes
of the rotor wall (m > 1). Such a decoupling requires that all
but the first two rows of the matrix BU A appearing in (24) are

actuator forces

Fig. 7. Actuator force distribution for rotor flexural-mode decoupling.

zero. This requires

J
> sinme} ag; =0
J=1

J ,m:2,3,... (25)
cosmgf aqg; =0

Jj=1 ’
Suppose the actuators are evenly spaced. These equations then
hold if a,; take values given by

ayj = asingf, ay; = acos¢j (26)

for some constant a. The orthogonal rigid-body displacements
p; and ¢; will then couple independently with ¢.; and i, re-
spectively. In this case, the applied distribution of actuation
forces will have the form shown in Fig. 7 and can exactly op-
pose a rigid-body acceleration without exciting flexural modes
or causing distortion of the rotor cross section. Moreover, a
feedback controller design can be undertaken by considering
requirements for stable levitation of a rigid rotor, i.e., by con-
sidering only the rigid-body modes, without any concern for
destabilization of the flexural modes.

To achieve modal decoupling for a disturbance-free operating
point 7.1 = i, = u; = 0 requires

2igpo A o
aj = nij(Im;l + \WI)TP =asing] (27
0
2igpoA a
azj = o (Imjl + WMDTP =acosg]  (28)
0
42110 A
By = (g |+ Iy [P =237 = constant. (29)
0

Equation (29) ensures that W H W7 is a diagonal matrix and so
the negative stiffness effects do not introduce cross-coupling
of the rigid-body and flexural modes. To achieve all three con-
straints (27)—(29), some extra design parameter (in addition to
the number of turns of coil) needs to be adjusted for each actu-
ator (such as the nominal air gap or pole-face area). This will
add considerable complexity to the manufacture and assembly
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of the system, and so, for the bearing realization in this paper,
the design is based on satisfying only the first two constraints
(27) and (28). The solution for the number of coil turns is then

3 a a
No sin ¢ No cos ¢

mj = y Tj =
\/|Sin¢?\+|cos¢?\ \/|sin¢;1-|+|cos¢§-‘|

(30)

where Ny is the maximum number of turns, and some rounding

will be necessary to get integer numbers. By substituting (30)

into (27)—(29), it can be seen that o« = 2NgiopoA, /15, and the

resulting negative stiffness for each actuator is given by

4NgigroAy

B '

hj = (|sin ¢f| + | cos ¢5]) €10

C. Closed-Loop Dynamics

A general PD-type feedback law using measured displace-
ments and their derivatives has the form

[ie1 2]’ = — Ky — Ky (32)

where K, and K; are matrices with dimensions 2 x N, where
N is the number of sensors. According to (20), the displace-
ments may be expressed as

y=9"g (33)
where
[ sin¢f sin ¢; sin ¢y
cos¢]  cos@j cos Py,
sin2¢] sin2¢j sin 2¢y,
U, = | COos2¢] cos2¢3 cos 29y
sin M¢j sinMg¢5 ... sin Mgy
| cos M @] cos M5 ... cos Moy |
The linearized closed-loop dynamics are then given by
i 0 1
m T lasamia, n4y, m .

where A, = —BVAK, VT and ¥, = ~BVAK, V! are ma-
trices of size 2M x 2M for which only the first two rows are
nonzero (based on the decoupling condition previously defined).

Isolating the state equations for the rigid-body dynamics
(m = 1), we have

[Qﬂ 0 I
i) | A - EK, VL, —EK,V7

H

T
where W, is the first two rows of ¥ and
2
> sin® ¢ 0 ]
2 1a
0 > cos” ¢f

3. sin® ¢ 0 ]
E = blOé |: J J 2 ia .
0 > cos” ¢f

A — by [

flexible coupling
AN

actuators
A

driving disk motor shaft motor

Fig. 8. Experimental system: AMB with distributed actuation applied to
a thin-walled cylindrical rotor.

According to (35), a stabilizing controller may be obtained
by selecting K, and K, such that EK, V1, and EK, VL, are
symmetric matrices satisfying

EK, 9, — A1 >0, EK,V! >o0. (36)

Given that the number of sensors may be two or more, a control
law that gives equal weighting to each sensor signal may be

defined as
K, = k(U OL) 'y, Ky = kg (U O5) 10, (37)

where £, and k; are positive scalars. From (35), the rigid-body
natural frequencies and damping ratios can be determined as

Wngy = \/bl (ak, — hy) Zj cos? o4 (38)
Why = \/bl (aky — hy) Zj sin® ¢ (39)
(40)

b] ak, b] ok, .
G = de zj:COSz s Gy = 2wnyd zj:smz b

An issue that must still be considered is that transmission of
radial load through the bearing, typically due to the rotor weight
or other quasi-static loading, will produce a change in operating
point so that the decoupling condition (25) is no longer exactly
satisfied. This will introduce additional nonzero entries in the
matrix WA and, hence, a coupling of the flexible-mode dynamics
with the levitation control will arise. To quantify these effects
and determine their impact on stability, a numerical study is
undertaken in Section V.

V. EVALUATION
A. System Description

To evaluate the proposed AMB concept, the experimental
prototype shown in Fig. 8 was created. The system comprises
a short (51-mm-length) rotor with diameter 222 mm. The ratio
of wall thickness to radius is d/r = 0.0279. The rotor is made
from martensitic stainless steel (grade 420J2) with inner and
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TABLE |
ROTOR PROPERTIES
parameter symbol value units
rotor radius T 111.0 mm
wall thickness d 3.1 mm
material density p 7740 kg/m?3
Young’s modulus E 2x 101 N/m?
axial length 51 mm
TABLE Il
ACTUATOR COIL-WINDING SCHEME
actuator 1 2 3 4 5 6 7 8 9 10 11 12
Ny 0 16 30 42 52 61 70 61 52 42 30 16

Ny 70 61 52 42 30 16 0 16 30 42 52 6l

actuator 13 14 15 16 17 18 19 20 21 22 23 24

N 0 16 30 42 52 61 70 61 52 42 30 16
Ny 70 61 52 42 30 16 0 16 30 42 52 6l
TABLE Il

ACTUATOR PROPERTIES

parameter symbol  value  units
number of actuators J 24

pole face area Ap 100  mm?
core flux path length Liron 100 mm
mean gap size S0 0.8 mm
core relative permeability Lor 300
maximum number of turns No 70

bias current 0 2.2 A

outer surfaces finished by electric discharge machining. Full
properties are given in Table I. The internal bearing comprises a
circular array of 24 actuators with E-shaped cores, having coils
wound on the central claws. Key parameters for the actuator
design are listed in Table III. To reduce losses from EC and help
maintain the actuator bandwidth, the actuator cores have been
machined from soft magnetic powder-sintered steel (Somaloy
Prototyping Material). The actuator coils are connected in series
as four sets and driven by four dc servo drives, as shown in
Fig. 6. The coil-winding pattern is given by (30) with Ny = 70,
as detailed in Table II.

The rotor is connected axially by four thin flexures to a disk
driven by a brushless dc motor. This rotor—disk coupling was
designed to constrain the axial and tilting motion of the rotor
and transmit a driving/braking torque, but without significantly
affecting the radial dynamics of the rotor and wall, as described
by the theoretical model introduced in Section III. Hence, stable
levitation of the rotor can be achieved only by energizing the
actuators based on the feedback of rotor radial position, which
is measured by noncontact inductance probes located internally.
The radial stiffness of the coupling, which is approximately
500 N/m, makes a very small contribution to the overall radial
stiffness of the bearing under feedback control. Small rollers
may be fitted to the bearing hub to act as touch-down bearings
and help avoid rotor—stator contact. These were not installed
for the photograph in Fig. 8, but were deemed necessary for
high-speed operation in the case of faults, failures, or dynamic

instability. The maximum operating speed is approximately 40
Hz due to power limitations of the driving motor.

The feedback control algorithm (32) was implemented dig-
itally with PC-based hardware and with real-time code gener-
ation using the MATLAB xPC Target software. The sampling
frequency was set to 4000 Hz. The rotor velocity variables gy
were calculated from the position signals based on a first-order
difference equation with a break frequency of 1000 rad/s.

B. Numerical Analyses

Vibration and stability properties may be predicted using the
reduced-order closed-loop model with PD feedback control,
as defined by (34) and (37). A PD control law is introduced
with k, = 5700 A/m and k; = 10 As/m, which, according to
the theoretical model, results in a damped natural frequency
of 25 Hz for rigid-body motion with damping at 32% of criti-
cal. The resulting net stiffness of the bearing is approximately
20 000 N/m. Low-gain integral feedback may also be usefully
applied to eliminate static positioning errors, but the effect on
vibrational stability will be small. The effect of various pertur-
bations can be investigated by modifying the operating point
for linearization. This leads to a new system matrix in (34), the
eigenvalues of which can be checked for stability. Although sta-
ble operation is predicted for an operating point involving zero
load and uniform rotor—stator gaps, perturbation away from this
operating point introduces dynamic coupling of the levitation
control with the flexural dynamics. This impacts on the damp-
ing and stability of flexible modes. The level of coupling, and
whether it is destabilizing, depends on the number and location
of the sensors.

Fig. 9 shows stability boundaries in terms of static bearing
load for two different sensor configurations. Any sensor config-
uration will provide stable operation for the zero-load operating
point. It is seen that the two-sensor configuration [see Fig. 9(a)]
has an asymmetric stability zone, which necessitates that any
loading must be suitably oriented with the sensor axes. Using
the four-sensor configuration shown in Fig. 9(b) gives a more
symmetric stability region. For both these cases, it is the first
flexural mode (m = 2) that becomes unstable. This is because,
for an equilibrium point that does not involve zero control cur-
rents, there is an imbalance of the actuator gains on opposing
sides of the rotor. This gain imbalance introduces a feedback
effect that may be stabilizing or destabilizing depending on the
measured phasing of the modal response. The exact influence
of sensor configuration (and other operating parameters) on sta-
bility is complex and difficult to predict without resorting to
numerical calculations. It is found that the rotational speed does
not have a large effect on these stability boundaries for the ro-
tational frequency range considered in this study (0—40 Hz).
However, levels of structural damping for the free rotor will
depend on fluid/air effects, which are not accounted for in these
calculations.

In gravity environments, using two sensors would be most
appropriate for a horizontal axis rotor, while the four-sensor
configuration would be better suited for vertical-axis systems.
For the experiments reported in this paper, feedback control
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Fig. 9. Stability regions for the experimental system in terms of static
bearing force. Each map is for a different sensor configuration and shows
stability regions for different initial levels of damping for rotor flexural
modes (0.1% and 1% of critical). Sensor locations are indicated by
sl,s2,..., etc.

was based on two inductance probe sensors, oriented as shown in
Fig. 9(a). The system was set up with the rotation axis horizontal.
To match the gravity load with the stability region, the bearing
was positioned with the X and Y axes oriented at +45° in the
downward direction, as shown in Fig. 8(a). The static operating
condition then corresponds to the point marked o in Fig. 9(a).
The total weight of the rotor is 8.37 N.

C. Experimental Results

The experiments reported here focus on steady-state rotor-
dynamic response behavior for the levitated rotor. The Camp-
bell diagram obtained from the closed-loop model (Fig. 10)

500
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(=] (=]
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(3o ]
W
(=]

200
150
100
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0 10 20 30 40 50 60
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Fig. 10. Campbell diagram for an experimental system (levitated ro-

tor) based on the theoretical model. Experimentally determined natural
frequencies are indicated by o.
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Fig. 11.  Frequency response data for the excitation of levitated rotor
using auxiliary actuation coils: theory and experiment.

indicates the potential for the excitation of both rigid-body and
flexural modes. Excitation of flexural modes may be significant
if super-synchronous excitation arises due to asymmetry of the
rotor structure, e.g., due to inhomogeneous material properties,
nonuniform wall thickness, or noncircularity of the rotor due to
machining errors. These effects will share some similarities with
classical mass-unbalance excitation but lead to more complex
multiharmonic response behavior.

The dynamic characteristics of the rotor—bearing system
were assessed experimentally by frequency response measure-
ments, undertaken at different rotational speeds. Excitation was
achieved using small auxiliary coils wound on actuators 1
and 2 (in addition to the main levitation coils), which pro-
duced localized forcing of the rotor wall close to sensor 1.
The results shown in Fig. 11 are for no rotation. For com-
parison, model-based predictions are also presented, and these
show good agreement with the experimental data: resonant
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Fig. 12.  Frequency response measurements for different rotational
frequencies.

frequencies for both rigid-body and flexural modes are well-
matched. Damping levels for flexural modes are dependent on
the initial damping for the free rotor, which was set to 0.2% of
critical in the model. There are extra resonance peaks appearing
in the experimental data, which are associated with rigid-body
tilting and flexural twisting of the rotor. These modes are not
captured by the theoretical model, for which wall deflection
is assumed to be independent of the axial coordinate z. It is
believed that these extra modes are excited due to asymme-
tries introduced by the coupling at one end of the rotor. Fig. 12
shows the measured frequency response for different rotational
speeds (0, 15, and 27 Hz), from which the splitting of forward-
and backward-mode natural frequencies with increasing rota-
tional speed is evident. The theoretical predictions for modal
frequencies based on thin-shell theory match well with these
experimental results, as shown in Fig. 10. It is also notable that
the twisting-mode resonance (at 373 Hz) is suppressed during
rotation.

Fig. 13(a) shows measured signals during the deceleration of
the rotor from an initial rotational frequency of 34 Hz. A spec-
togram (short-time Fourier transform) of the signal from sensor
1 is shown in Fig. 13(b). The vibration involves many harmonic
components with frequencies that are integer multiples of the
rotational frequency. These arise due to asymmetry of the rotor
shape and properties. The spectrogram shows that many differ-
ent super-synchronous components excite the rigid-body mode
(at 25 Hz) during deceleration. Although the noncircularity of
the cross section is within +-50 pm (radial error), the rotor has a
somewhat elliptical shape, and this causes a dominant vibration
component with frequency 2 x 2. There is only slight evidence
of excitation of the m = 2 flexural modes from the spectogram
(more so for the higher frequency forward mode). Given the
low damping and highly resonant behavior seen in the direct
frequency response measurements, the lack of flexural-mode
excitation during normal operation is significant. This can be at
least partly attributed to the distributed actuation scheme, which
has been designed to minimize the excitation of the flexural
modes through the bearing.
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Fig. 13. Rotor vibration response during coast-down. (a) Measured

signals. (b) Spectogram (short-time Fourier transform) of displacement
at sensor 1.

VI. CONCLUSION

This paper has described a new AMB design and control
approach for supporting thin-walled rotor structures. The de-
sign embodies a distributed actuation scheme, synthesized from
a theoretical description of rotor vibration with the aim of
decoupling the levitation control system dynamics from the
flexural dynamics of the rotor wall. The approach has been
validated by both analytical and experimental studies focus-
ing on the stability and vibration behavior of a short-length
rotor—bearing system. The results are encouraging and moti-
vate further application of the distributed actuation approach
to more complex thin-walled rotor systems, including those
with multiple bearing units or multidirectional actuator distri-
butions. This will facilitate new approaches to rotor—bearing
system design and active vibration control for various machine

types.
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Model and Control System
Development for a Distributed
Actuation Magnetic Bearing
and Thin-Walled Rotor Subject
to Noncircularity

This paper considers the problem of controlling the vibration of a lightweight thin-walled
rotor with a distributed actuation magnetic bearing (DAMB). A theoretical flexible rotor
model is developed that shows how multiharmonic vibration arises due to small noncircu-
larity of the rotor cross section. This model predicts a series of resonance conditions that
occur when the rotational frequency matches a subharmonic of a system natural frequency.
Rotor noncircularity can be measured offline, and the measurement data used to cancel its
effect on the position sensor signals used for feedback control. A drawback of this approach
is that noncircularity is difficult to measure exactly and may vary over time due to changing
thermal or elastic state of the rotor. Moreover, any additional multiharmonic excitation
effects will not be compensated. To overcome these issues, a harmonic vibration control
algorithm is applied that adaptively modifies the harmonic components of the actuator
control currents to match a target vibration control performance, but without affecting
the stabilizing feedback control loops. Experimental results for a short thin-walled rotor
with a single DAMB are presented, which show the effectiveness of the techniques in pre-
venting resonance during operation. By combining sensor-based noncircularity compensa-
tion with harmonic vibration control, a reduction in vibration levels can be achieved

without precise knowledge of the rotor shape and with minimal bearing forces.
[DOI: 10.1115/1.4043510]

Keywords: magnetic bearing, thin-walled structure, flexible rotor, vibration control,

sensor run-out

1 Introduction

Active magnetic bearings (AMBs) incorporate electromagnetic
actuators with a feedback control system to maintain contact-free
support of a rotor. This eliminates wear and the need for lubrication
and permits very high shaft speeds. Further advantages are derived
from the capacity to actively control and suppress vibration within
the structure of a machine [1]. Recently, the application of the mag-
netic bearings has been considered for the hollow thin-walled and
annular rotors [2-5]. In addition to the specialized applications,
thin-walled rotor topologies can play a significant role in light-
weight turbomachine design [6,7]. The development of control
methods for a thin-walled rotor-AMB system with enhanced vibra-
tion suppression capabilities has not been previously considered
and is the focus of this paper.

For a solid-shaft rotor, the discrepancy between the inertial and
geometric axes causes harmonic vibration that is synchronous
with rotation [8]. Early work on unbalance vibration control with
AMBs involved strategies to minimize motion of the geometric
axis of a rotor [9-11]. Various linear control methods such as repet-
itive control, adaptive disturbance rejection, and notch filtering can
be applied to this problem [12—-15]. Further advances have been
made with strategies that can maintain stability during large-ampli-
tude vibration subject to nonlinear dynamics and contact with
touchdown bearings [16-19].
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Although reducing rotor vibration is desirable to avoid contact
and rub, it tends to cause increased transmission of vibration
through the bearing to the machine housing. Furthermore, since
unbalance forces are proportional to the square of rotational
speed, actuator force saturation may occur when operating at a
high speed. Transmission of unbalance forces can be reduced by
adjusting synchronous control forces until the rotor rotates around
its inertia axis. This can be achieved by unbalance estimation
methods or adaptive cancellation of synchronous current compo-
nents [15,20]. Such methods require that the rotor is well-balanced
and are not appropriate when flexural dynamics dominates the
response behavior.

Additional vibration excitation is associated with the use of prox-
imity sensors. Noncircularity of the rotor cross section and/or non-
homogeneous properties of the rotor material give rise to erroneous
components in the measurement signals, commonly referred to as
run-out error. These are operated on by the feedback controller,
causing unwanted control currents components that induce multi-
frequency vibration of the rotor. Methods for periodic disturbance
cancellation may be applied to reduce both synchronous and
higher harmonic components of control currents [13,21,22]. Dar-
bandi et al. employed sensor run-out identification using an integral
adaptive observer [23], while Setiawan et al. proposed an adaptive
algorithm for sensor run-out compensation achieving asymptotic
stability of the rotor geometric center [24]. These papers focus on
rotors that are effectively rigid, and so, dynamic models and stabi-
lization schemes involve relatively simple parametric formulations.

Vibration control of flexible rotors with multiple excitation
sources presents additional challenges [25]. The need for dynamic
models may be circumvented by using online identification routines
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to determine speed-dependent control influence coefficients, allow-
ing optimized control even with complex multi-input multi-output
dynamics [26-28]. For thin-walled rotors, two key issues must be
addressed in the controller design, which do not arise for conven-
tional solid-shaft AMB systems:

(1) Flexural vibration modes involving radial distortion of the
rotor wall can play a significant role in the dynamic behavior,
and without due consideration in the control algorithm
design, these modes are prone to destabilization. This is com-
plicated by the fact that the natural frequencies undergo large
changes in value due to speed-dependent Coriolis effects.

(2) Multiharmonic disturbances arise due to small noncircularity
of the rotor cross section. This differs to sensor run-out error
as the variation in surface position is associated also with var-
iation in the mass distribution and the gap size between the
rotor and actuator, which cause additional rotor disturbance
effects.

An effective control strategy must achieve an acceptable balance
of vibration attenuation and coil current levels irrespective of the
operating conditions and exact state of rotor noncircularity. The
presence of multiharmonic vibration, arising through multiple exci-
tation mechanisms, makes this challenging. This paper provides a
detailed analysis of these issues and describes a novel control
approach to suppress vibration of a thin-walled rotor with a distrib-
uted actuation magnetic bearing (DAMB).

2 DAMB Design and Control Considerations

A distributed actuation magnetic bearing supporting a thin-
walled rotor is shown schematically in Fig. 1. An array of electro-
magnetic actuators (numbering N,) is positioned internally (or
externally) around the rotor circumference with small uniform
gaps between the pole faces and the rotor surface. Each actuator
applies an attractive force to the rotor that varies with the gap size
(dependent on rotor motion/vibration) and the currents within the
coils. To achieve stable contact-free support, the position of the
rotor surface is measured at two locations using proximity probes
so that the center position may be calculated (subject to noncircular-
ity error), and this information used in real-time for feedback
control of the drives that power the actuator coils. The principle
of operation is similar to a conventional AMB. However, the
larger number of actuators and thin-walled rotor topology introduce
new considerations in the design and operation of feedback control-
lers [4].

2.1 Multicoil Distributed Actuation Approach. A model of
the bearing actuator forces for a driving scheme with four drives
and up to four coils per actuator may be considered where the

rotor wall
pole face area 4,

actuators

s
L2+ 1 _..r
= + coils
1
|"actuator
core

L],

L

Fig. 1 Thin-walled rotor with distributed actuation AMB
support: schematic diagram showing (exaggerated) noncircular-
ity of the rotor in the bearing plane
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radial force applied to the rotor wall by the nth actuator is

£ =yt Nialt + Nonly + Noal + Nagls?
S (/M + 250 = 29)° ’ ’

> Na

(€Y

Here, A,, is the total pole-face area, /, is the flux path length through
the iron (having a relative permeability y,), s, is the gap size for the
equilibrium position, and y, is the radial displacement of the rotor
wall local to the actuator. Suppose the coils, having a number of
turns Ny ,,, are supplied currents with the same constant bias compo-
nent Iy so that [,(t) = Iy + i (t) with i; being the control feedback
component. Combining all the actuator forces as a single vector
fa=[fi f»--fv,]7 and linearizing Eq. (1) about a given operating
point P gives an equation in the form

f,=Fy+Tiy + HyA 2)
where iy = [i; i i3 i4]", Ya=Di1y2-- -yNA]T, and F is the constant
force components due to the bias currents. The elements of the actu-
ator gain matrix I" are the coefficients:

dfn

—Jn 3
Yn,k dlk ( )

= 2,“()AnNk,n(ln - 2yn)_2 (Z Nj,nlj>
P J

and H is a diagonal matrix containing the negative stiffness coeffi-
cients

P

d
hy, = J?z
dlk P

2
=4/4()An(ln - 2y;l)_3 <Z N_fa"[i) (4)
J 3

For this topology, a coil-winding scheme based on the flexural
mode decoupling may be employed in order to maximize bearing
load capacity and simplify the design of an initial feedback control-
ler that achieves stable levitation of the rotor [4]. A differential
driving scheme with two control input variables ic=[ic iC,Z]T is
then adopted, as for conventional AMBs:

10 —I o]T

iy = Tic, T=[0 10 -1 ®)

2.2 Vibration Control Considerations. To define the vibra-
tion excitation problem, a mathematical description of the rotor
geometry is introduced according to Fig. 1. The radial location of
the outer (or inner) surface of the rotor is defined relative to the geo-
metric center so that a Fourier series description of noncircularity
has the form

r@) =R+ Y a;cos(jO+y,) (6)

J=2

Due to rotation, the displacement measured at a fixed angular loca-
tion ¢y will have a time-varying component that is not associated
with the rotor vibration. If the objective for control is to allow the
rotor to spin about its geometric center without distortion, then
the measured displacements should exactly match Eq. (6). For rota-
tion at constant angular speed €2, this may be expressed as

ds(t) = r(s — QD) —R="y _ajcos (jis — Qt +y)) ()

j=2

To cancel the effect on control feedback signals, noncircularity
may be treated in the same way as sensor run-out error. Using
offline measurements of the rotor shape, the displacement due to
noncircularity (Eq. (7)) can be constructed in real-time and sub-
tracted from the sensor readings. The resulting signal will corre-
spond to the exact position of the rotor geometric center provided
that no wall deformation occurs due to vibration.
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In practice, it is difficult to measure noncircularity of the rotor
in-situ as measurements are always affected by the bearing opera-
tion. Also, even if noncircularity can be measured accurately,
there is still the possibility that the equilibrium shape of the rotor
changes during operation, e.g., due to thermal distortion or elastic
deformation caused by centrifugal loading. Moreover, there are
additional excitation effects associated with noncircularity, as
well as other system disturbances, which cannot be exactly inferred
from sensor readings. Section 3 gives a full analysis of noncircular-
ity effects and their impact for vibration control based on a 2D
model of a thin-walled rotor with single DAMB.

3 Rotordynamic Model

To obtain a representative model of rotordynamic behavior, the
continuum equation for radial vibration of a thin rotating annulus
may be considered in the form [5,8,29]:

(#u ")+2Q<§u+af)+ Ed* <mu+2#u+aﬁ>
=g i T = (= D T
aq)Z ad)S 6([) 12pR4 a¢6 a¢4 an)
2 4 2
- Lﬂz 2(6 o, 3 o M20> ®
pLd o¢p o o

where ( is the constant angular speed, d is the wall thickness, L is
the axial length, and p and E are the material density and Young’s
modulus, respectively. Motion is defined in terms of the radial dis-
placement u(¢, t) with ¢ being the angular position in the fixed
frame, while uo(¢, ?) is the radial displacement associated with non-
circularity. Applied forces are captured by a radial force distribution
F(¢, ). The noncircularity may be represented by a truncated
Fourier series from Eq. (6) so that accounting also for rotation

M
uo(, )=") " ajcos (i — Qt + ) ©)

=

Equation (9) defines the multiharmonic forcing of the system. A
solution to Eq. (8) can be approximated by a superposition of a
finite number of modes:

M

u(, ) & Y[ pu(®) sinmd + gu() cos mo)]

m=1

10)

where sinm¢ and cosmd are the mode shapes for free vibration
and p,,(¢) and ¢,,(¢) are the mth modal displacement coordinates,
with m being the circumferential wavenumber (integer). Substitut-
ing Egs. (9) and (10) in Eq. (8) and evaluating the inner products
with respect to sinm¢ and cosm by integrating over ¢ leads to
a set of 2M equations (for m=1, ..., M):

N
P = Q8+ kD =Vin Y _fysinmd, — Q2w [ sinm(Qt —p,,)]

n=1
)

N
G+ QP+ koG =V E f, cosmdy, — QW[ a cosm(Qt — )]

n=1

(12)

where f,(¢) is the radial actuator force applied at angular position ¢,,.
The constant coefficients are

_ Ed*> m2(m* — 1)? _ 2m(m2 - 1)
"TeRY w1 T a1
m? mz(m2 - 3)
Vg =, Wy =—
pRAR(m? + 1) m? + 1

Accordingly, the zero-speed natural frequencies for the flexural
vibration are given by w,, = v/ky,.

Journal of Vibration and Acoustics

By defining the noncirculariTty disturbance as d,,(1)=
a,, [sin m(Qt —,,) cos m(Qt — \um)] , Egs. (11) and (12) may be
expressed in the first-order matrix form

m 0 | m 0
dpxo) S | [VaET S - 9°W,4,]

dil %, ] LK, -G, ]lx. L1
13)

Where Xm = [pm qm] T’ Km = ka’ Gm = gth Vm = me and Wm =
w, I with I being the identity matrix and

0 1
Jz[—l 0}’ Em =

Combining Eq. (13) for m=1,
xI xI .oxE T andd:[d,T

d|x 0 I X 0 0
a1 e )[3)+[vigJn-[adv e 0o
where E,=[E| E;---Ey] and K, G, V, and W are block diagonal
matrices, in accordance with Eq. (13).
The radial location of the rotor surface is y(¢, 1) = u(d, H)+

up(¢, 1). Hence, the displacements at the sensor and actuator loca-
tions are given, respectively, by

sinm¢; cosmd,

sinméy cosmby

.., M and defining x=
d,{,,]T leads to

15)

where Eg is defined in the same way as E,, but based on sensor
angular locations. For sensor readings, we may define dg=Egd
such that for zero vibration (x =0), we have ys=dg, as in Eq. (7).
Substituting for y, in the linearized AMB model (2) gives

ys=Esx+d), y,=Esx+d)

fa=Fo+Tcic+HEs(x+d) (16)
where I'c =T'T. According to Eqs. (14)—(16) and the corresponding
block diagram structure shown in Fig. 2, noncircularity excites the
system through three mechanisms. First, there is an inertia-related
disturbance Q*Wd that acts as a direct forcing of the rotor. The syn-
chronous m =1 component is due to mass unbalance. However, the
noncircularity-related components m > 2 are higher harmonics and
have a forcing effect that tends to make the rotor more circular as
Q increases. Second, the noncircularity disturbance d has an addi-
tive contribution to the position of the rotor surface at the actuator
locations. This impacts on actuator forces through feedback
effects associated with the actuator stiffness coefficients (embedded
in H). Third, the noncircularity acts additively on the displacements
measured by the sensors, which impacts on the feedback control
signals and introduces additional multiharmonic excitation that is
dependent on the control algorithm.

A model of the plant suitable for control analysis/design follows
from Eqgs. (14)—(16) as

1 =AQ)n + Bcic + B, ()d (17
ys=Csn + Esd
where n” = [x” %] and

Mm:[

I 0
b=y}
-K+K, -QG VEAFC

B,(Q) = [ Cs =[Es0]

m—mw}
The actuator negative stiffness matrix is K4 = VEgHEA. The trans-
fer functions for the open-loop plant are G,(s, Q)=Cgs(Is—A
(Q))_'BC and G(s, Q)= Cy(Is — A(Q))"'B,. With the application
of the sensor-based noncircularity compensation, the signal used

OCTOBER 2019, Vol. 141 / 051006-3



1
' 1
' Noncircularity l ROTOR-DAMB |
. disturbance 5 SYSTEM ]
! K, — Q’°W |
1 1
I 1
1 1
ic 1 + F . < i : ¥s
| vETT ree rotor . £ : .
E Atc +F, dynamics M S :
' Actuator Output :
i force input matrix |
i matrix 1
| K,
1
1 1
! Actuator negative stiffness matrix 1
1 1
Vs P +
Kact(s)
i -
) S . Stabilizing ds
! m - | levitation
i QOIS o ' controller Noncircularity
' Cancellation V1brat19n ! cancellation
! Algorithm attenuation !
! - controller )
! i e i :
| C R 1
! >+ Kerr(s) e
1 + - !

____________________________________

HARMONIC VIBRATION CONTROL

Fig. 2 System block diagram for rotor vibration control

for the feedback control may be defined as

§s=¥s —ds=Csn +Esd — ds (18)
where dg is a vector of compensation signals. For exact cancellation
ds =Egd = dg (as in Eq. (7)).

4 Noncircularity Vibration Suppression

An approach for harmonic vibration control (HVC) suited to the
noncircularity excitation problem is introduced here based on the
control structure shown in Fig. 2. A feedback controller K, is
first implemented to achieve stable levitation of the rotor. This
may be chosen as a standard proportional-integral-derivative con-
troller that is tuned to achieve a targeted net stiffness for the
bearing. However, the high-frequency gain of K, must be
limited in order to avoid problems of flexural mode destabilization
and excessive noise excitation. Consequently, vibration suppression
with the controller K, is not optimal and unwanted resonances
occur during operation. A different feedback compensation K is
therefore determined for which the closed-loop transfer function
matrix (I — G,Kep) ™! has improved properties for vibration attenu-
ation over the expected range of excitation frequencies (compared
with (I -G, K..0~}). However, it is not necessary that K. can
achieve satisfactory (stable and robust) levitation control if imple-
mented on the actual system, only that it gives desired attenuation
properties for the expected range of excitation frequencies.

According to Fig. 2, the feedback stabilization is provided by
K.... The controller subsystem K. also operates on the sensor
signals to provide a reference control signal ig. The difference
between the actual control input ic and the reference signal is
treated as an error signal ip=ic—ig. The harmonic cancellation
algorithm operates on ir to generate the correction signal igyc.
This algorithm, which is described in detail in Sec. 4.2, provides
a multiharmonic signal that adapts to eliminate the harmonic com-
ponents of ig such that, in steady-state, the harmonic components of
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the control signal correspond to the output from K.g. The result is
that the steady-state disturbance attenuation then matches the char-
acteristics of K¢, but only for the discrete frequencies that are tar-
geted within the cancellation algorithm.

4.1 System Model for Control Analysis. A linear feedback
controller K(s) = Cx(Is — Ag)~'Bg + Dy is considered, which, when
combined with Eqgs. (17) and (18), gives closed-loop system
dynamics described by

Z= K(Q)Z + ﬁd(g)d + ﬁs(Esd - (is) + ﬁCiHVC
. (19)
Ys = Csz + Egd

where 65 =[Cs 0] and

-~ _ A(Q)+BcDKCS BCCK o B¢
vl I
= B,(Q = BcD
Bd(sz)=[ « )], Bs=[ ,‘;KK]

The closed-loop transfer function matrix for the levitated rotor
(from igyc to ys) may be defined as P(s, Q) = (I — G.(9)K(s) ™!
G,(s)= as(ls — K(Q))’I/B\C. Equation (19) can be used for the pre-
diction of noncircularity excitation with feedback control only
(ds =0), with noncircularity cancellation (Egd — ds =0) and/or
with operation of harmonic vibration control.

4.2 Harmonic Vibration Control Algorithm. An alternative
but an equivalent representation of the control system structure is
shown in Fig. 3, where the HVC algorithm operates on the additional
feedback component iz output from the subsystem K, — K. The
subsystem Py = (I — G,K.ir) "' G, is a speed-dependent model of
the closed-loop dynamics, as given by Eq. (19), with the effective
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controller. This is included to provide dynamic cancellation for the
effect of igyc on ys. For this structure, the transfer function from
igyc to ig is identity if Gu(s, Q) = G,(s, Q), implying the effects of
the plant dynamics on the HVC control loop are entirely compen-
sated. This greatly simplifies the design of the HVC algorithm and
allows fast convergence rates to be achieved. Note that, for this
control structure, the dynamic compensation scheme involves the
forward dynamics (rather than inverse dynamics) of the closed-loop
system, and this allows straightforward realization of a speed-
dependent model, avoiding issues with implementation, noise

Re(wy) W 1
—Im(w) W) 1
1
R =2 . h W3 = — 1
FT whnere NS
Re(Wg)
—Im(wyg) Wy, 1

The calculated amplitudes then undergo discrete integration with
updates every synchronous period (revolution) of the rotor. These

d - 1
i 1 Rotor-DAMB
Noncircularity ! E system
disturbance | i
I 1
| i
! 1
! 1
! 1
A 1
1c 1 i
:' Gu (S: -Q) :
! :

Keff(s)

A

Kact (S) - Keff(s)

Harmonic
Cancellation
Algorithm

>

v

([ - 6uKeﬂf)_lau

Dynamic compensation

Fig. 3 Block diagram for harmonic vibration control. The struc-
ture is exactly equivalent to that in Fig. 2, except additional
dynamic compensation is included so that, with an exact
model G, = G, the transfer function from iyyc to ig is identity.

amplification, and stability that typically arise for disturbance can-
cellation schemes involving inverse models.

The harmonic cancellation algorithm involves a matrix-based
discrete Fourier transform as shown in Fig. 4. The error signal iz
is down-sampled at regular intervals over the period of rotation to
form a vector of N, sample values. This vector is multiplied by
the partial DFT matrix Ry to give harmonic amplitudes (Fourier
coefficients) for selected frequencies (e.g., the first eight harmonics
of the rotational frequency):

1 1 1

r r? PNl

2 A F2WN=1) = ¢ 2W/Ns
=l 2N FNs=17?

control amplitudes are multiplied by the corresponding harmonic
signals, which are summed to form the multiharmonic control
signal igyc. The control update involves a single gain parameter
y. The maximum value of y for stable convergence is limited by
errors in the system model used for dynamic compensation. Empir-
ical tests can be used to select a value that gives acceptable conver-
gence rates for all the targeted harmonic components.

5 Evaluations

Evaluations were undertaken on a short thin-walled rotor
with internal DAMB comprising a circular array of 24 actuators
with E-shaped cores, as shown in Fig. 5. The experimental rotor
(radius R=111 mm) was supported radially by the DAMB but
also constrained axially by thin flexures connected to a driving
disk coupled to a direct current motor. The flexures prevent tilting
and axial motion of the rotor but do not greatly affect the net
radial stiffness of the bearing under feedback control. Further
system characteristics are given in Table 1. The rotor wall thickness
is d=3.1 mm, and the first flexural mode for wall vibration has a
frequency of 155 Hz when Q=0.

The actuator coils were connected in series as four sets, driven
by four direct current servo drives and operated with bias currents
of Ip=2.2 A. The coil-winding pattern and resulting actuator prop-
erties are shown in Fig. 6. The actuator force gains vary sinusoidally
around the circumference of the bearing, and this helps to decouple
the actuator forces from the flexural modes of the rotor wall. The
resulting negative stiffness distribution of the actuators exhibits a
four-fold rotational symmetry. In reality, the effects of radial load

cos 20t cos 80t
Delays sin 2Qt sin 8Qt
. —Ng+1 _,I inve
Synf:hronlzed !_’ z Array of Signal Control >
with rotor | u signal Fourier Fourier
rotation ! u samples cocff. coeff. > >
1
1 -2 z
oL Pl LN, Rer : :
E z—1 - !
1
s h Q P, n', l ) 4
. 2 ynchronous artia Integrators u
TN L 71 downsampling Fourier
transform Y
matrix >

Fig. 4 Efficient implementation of harmonic vibration cancellation algorithm based on synchronous down-sampling

and integral feedback in Fourier coefficient domain
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computer-aided design model

Table 1 Characteristics of an experimental thin-walled
rotor-DAMB system
Property Symbol Value Units
Rotor radius R 111.0 mm
Rotor length L 51 mm
Rotor wall thickness d 3.1 mm
Material density p 7740 kgm™
Young’s modulus E 2x 10" Nm™2
First flexural natural frequency [223 155 Hz
Actuator pole-face area A, 100 mm
Core flux path length Iy 100 mm
Core relative permeability Wy 300 -
Mean gap size So 0.8 mm
100 — ‘ ‘ ‘
%) Nl N2 N3 N4
g N ///\\\ e
s o50F e - e e
3 N . N S
o ~ Ve ~ R
N, s ~ e
N, N
0 L 1 L NZ ) 1 1 1 1 1 L 1
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N
&
£
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%; 2000 - y
$
&
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o
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=
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actuator number

Fig. 6 Actuator properties for the experimental system for
no-load operating condition
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actuator cores

bearing support

(b)

Fig. 5 Experimental distributed actuation magnetic bearing supporting a short annular rotor: (a) photo and (b)
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Fig. 7 Frequency response characteristics for a feedback con-

trolled system P, (from iyyc to ys) when Q =0. Results are for
x-axis only as y-axis data were similar. The predicted response
function P with effective control K. is also shown.
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Fig. 8 Campbell diagram showing variation in natural frequen-
cies for rotor system with DAMB under closed-loop control
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1. feedback control only Koot
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Fig. 9 Predicted rotor excitation arising due to noncircularity: amplitudes of harmonic components for displacement

measurements

and nonuniform clearances cause some deviation from the ideal
characteristics shown. Under levitation, the mean gap size
between the rotor and actuators was approximately 0.8 mm. For
control testing purposes, the system was operated with rotational
frequencies up to 30 Hz (1800 rpm).

A proportional-derivative (PD) control law suitable to achieve
stable levitation of the rotor was selected as

kgs 215 + 6000
Kaa(8) = =k + —2> Vo = — (22T 20y
«(5) ( = 1) 22 (0.001s+ 1) >

A proportional gain of k, =6000 A/m yields a net bearing stiffness
of 25,000 N/m and system natural frequency of 27 Hz for rigid-body
motion (based on the theoretical model in Sec. 4.1). Even with a fil-
tered derivative action (z=0.001 s), the value of k; must be limited
to avoid excessive noise excitation and flexural modes destabiliza-
tion. The chosen value k;=15 As/m produces damping at approx-
imately 20% of critical for the rigid-body modes. To verify the
theoretical model and system characteristics under the closed-loop
control, experimental identification of the frequency response for
P..(s, ) was undertaken for zero speed (=0). The results in
Fig. 7 indicate a good level of agreement and confirm the suitability
of the model for further analysis. A Campbell diagram showing
speed dependency of the system natural frequencies is given in
Fig. 8. Considering the first eight harmonic components of rotor
noncircularity as possible excitation sources, this plot indicates at
what speeds significant excitation of the rigid-body mode (m=1)
and first flexural modes (m=2) may be anticipated over the
intended speed range of 0-30 Hz.

To suppress resonance while reducing transmission of bearing
forces, the effective controller was chosen as a modified PD
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control law:

29.5s + 4500
Kegi(s) = — (7) 2%2

0.001s +1

This controller (equivalent PD gains k,=4500 A/m and k;=25)
would result in a very low bearing stiffness (approx. 1800 N/m) if
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Fig. 10 Measured noncircularity of an experimental thin-walled
rotor: inner surface location in sensor plane (units: zm)
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Table 2 Measured rotor noncircularity: Fourier coefficients for
profile error

Fourier coefficients

Harmonic j Amplitude a; (um) Phase y; (deg)
2 28.4 —85.96
3 3.1 18.26
4 34 24.41
5 2.5 4227
6 2.1 89.29
7 1.0 48.86
8 1.5 —29.83

used directly for the feedback control and would not achieve stable
levitation. However, the frequency domain properties show much
improved disturbance attenuation for the frequency range of
concern, with near-elimination of resonances: Predicted frequency
response characteristics for P.g(s, 0) are shown in Fig. 7. Further
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Fig. 11

analysis of the vibration control performance with the HVC algo-
rithm is given in Sec. 5.1, while experimental results are presented
in Sec. 5.2.

5.1 Numerical Analyses. Numerical predictions of steady-
state vibration response behavior were obtained for three different
cases:

(1) Dynamic feedback of displacement sensor signals for
bearing stabilization (controller K, only).

(2) Feedback with exact sensor-based noncircularity cancella-
tion (controller K, and ds = dy).

(3) With HVC to achieve desired effective control action (con-
troller Ko and dg = 0).

As these are reference cases, every harmonic component of the
rotor noncircularity error was assigned an amplitude of 25 ym.
The first harmonic component of the vibration, which arises due
to synchronous forcing rather than noncircularity error, is neglected.
For case 1 shown in Fig. 9, every harmonic component exhibits a
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(b)

Rotor vibration components arising due to noncircularity excitation. Experimen-

tal data for (a) sensor measurements and (b) control currents.
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Fig. 12 Rotor vibration measurements during controller activation Q =13 Hz: (a)
transient behavior, (b) steady-state waveforms before and after HVC activation,
and (c) Fourier transforms of steady-state waveforms

resonance corresponding to the natural frequency of 27 Hz. Reso-
nance occurs whenever this natural frequency is an integer multiple
of the rotational frequency. Both the noncircularity compensation
scheme and the HVC algorithm (effective control K.g) alleviate
the resonance conditions. Flexural mode excitation remains quite
low even without applying additional vibration control algorithms
owing to the distributed actuation topology and optimized coil-
winding pattern. Two additional cases for inexact noncircularity
compensation (dg =0.5dg), both with and without HVC, are
shown in Fig. 9 (as cases 4 and 5, respectively). It is seen that res-
onances still occur with inexact cancellation but can be suppressed
effectively by the combined application of HVC.

5.2 Experimental Results. Noncircularity of the experimental
rotor was first determined offline by mounting the rotor on a turnta-
ble and measuring the surface position under slow-rotation. These
data are shown in Fig. 10, with corresponding Fourier coefficients

Journal of Vibration and Acoustics

given in Table 2. Three different control methods were imple-
mented and tested that correspond to the first three simulated
cases described in Sec. 5.1:

(1) Stabilizing feedback control K, and synchronous vibration
control only.

(2) As case 1 but with additional sensor-based noncircularity
compensation.

(3) As case 1 but with additional HVC to achieve effective
control K.

In all cases, the first harmonic component of vibration was sup-
pressed by a synchronous control algorithm so that the amplitudes
remained less than 50 ym for all three cases. The first six harmonic
components of the (x-axis) sensor signal are shown in Fig. 11. The
second (2 x Q) harmonic, which corresponds to the largest noncir-
cularity component, was the dominant component of vibration.
For case 1, a large resonance occurred when the rotational
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Fig. 13 Residual vibration ys — ds at Q = 13 Hz. After 5 s, sensor-
based noncircularity compensation is applied (A), and after 15s,
HVC is additionally applied (B).

frequency was 14 Hz. Both the noncircularity compensation and the
HVC algorithm were effective in suppressing this resonance.

With noncircularity compensation, some small resonances are still
seen for the higher harmonics. This is due to the errors in the run-out
identification as well as residual excitation effects that are not asso-
ciated with the position sensor signals. The overall behavior is con-
sistent with the model-based predictions shown in Fig. 9. Note that,
for the experimental system, the excitation of the 7xQ and 8 x Q
harmonics was too small to be clearly detected, and therefore,
these data are not presented. Figure 11(b) shows that some noise
effects were present for the higher harmonic components of the
control currents with HVC applied, but the overall amplitudes
remained low, at less than 0.2 A. Note also that vibration suppression
and control stability were maintained even when the harmonic
control frequencies pass through the flexural mode frequencies.
This is possible due to the dynamic compensation scheme incorpo-
rating the flexible rotor model.

Convergence behavior of the HVC algorithm is shown in Fig. 12.
With the rotor operating at a rotational frequency of 13 Hz, high
levels of multiharmonic vibration were initially present. The ampli-
tudes of the first two harmonic components were 48 ym and 35 um,
respectively. Activation of the HVC algorithm gave steady attenu-
ation over approximately 10s.

Although attenuation occurs quickly, changes in the rotor speed
that are too rapid lead to a worsening in control performance. Small
fluctuations in rotor speed can also prevent expected steady-state
levels of vibration attenuation being achieved.

The best results were obtained when noncircularity compensation
and HVC were applied together. In this case, the HVC algorithm
deals with residual excitation and errors due to inexact knowledge
of the noncircularity. The overall vibration attenuation performance
was similar to when applying HVC alone, but control current ampli-
tudes were reduced. Figure 13 shows the x-component of the resid-
ual sensor signal yg—dg after noncircularity compensation.
Initially, the system is operating with feedback of the raw sensor
signals ys when (after 5's) the sensor-based noncircularity compen-
sation is applied so that the feedback signal becomes yg — dg. After
a further 10s, the HVC algorithm is additionally operating. This
produces a further reduction in vibration levels without noticeable
change in control current levels.

6 Conclusions

To reduce the multiharmonic vibration of a flexible thin-walled
rotor supported by a distributed actuation magnetic bearing, a
control algorithm has been devised that adaptively modifies the har-
monic components of the actuator control currents so that the vibra-
tion attenuation matches a targeted closed-loop system model. The
approach avoids the need for information on the state of rotor non-
circularity, yet achieves effective suppression of vibration due to

051006-10 / Vol. 141, OCTOBER 2019

multiple complex excitation mechanisms. Experiments conducted
on a short thin-walled rotor with single DAMB confirmed the effi-
cacy of the methods in preventing resonance during operation.
Combining sensor-based noncircularity compensation with the har-
monic vibration control algorithm is seen to be a good practical
solution as a reduction in vibration levels can be achieved
without precise knowledge of the rotor shape, and with minimal
bearing forces. Future work will aim to extend the approach for
application with longer thin-walled rotors having DAMB support
in multiple planes.
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Abstract

This paper deals with optimal controller design for active magnetic bearing (AMB) systems for which
nonlinear rotordynamic behavior is evident, and so vibration predicted by operating point linearization differs
from that which occurs in actuality. Nonlinear H-infinity control theory is applied with a rotordynamic model
involving nonlinear stiffness and/or damping terms. The associated Hamilton-Jacobi-Isaacs (HJI) equation is
formulated and solved to obtain a state feedback control law achieving specified vibration attenuation
performance in terms of the peak L, gain of the nonlinear system. The method is applied in case study to a
flexible rotor/AMB system that exhibits nonlinear stiffness properties owing to rotor interaction with a
clearance bearing. Simulations are performed to quantify RMS vibration due to harmonic disturbances and the
results compared with the norm-bound values embedded in the HJI equations. A feedback controller design
method is then presented that is similar in approach to the standard loop-shaping/mixed-sensitivity methods
used for linear systems, and involves augmenting the system model with weighting transfer functions.
Experiments are undertaken to compare controller performance for designs based on nonlinear and linearized
models. The results highlight the shortcomings of applying linear optimal control methods with rotor systems
exhibiting nonlinear stiffness properties as large amplitude vibration and loss of rotordynamic stability can
occur. Application of the described nonlinear H-infinity control method is shown to overcome these problems,
albeit at the expense of vibration attenuation performance for operation in linear regimes.

Keywords : Rotor vibration, Magnetic bearings, H-infinity control, Nonlinear dynamics

1. Introduction

The successful application of modern optimal and robust control methodologies with AMB/rotor systems has been
widely reported. For frequency domain analysis and design, industry standards have now been established that fit well
within the framework of linear H-infinity control (Schweitzer and Maslen, 2009). In this framework, specifications for
rotor vibration attenuation are defined using system norm-bound criteria, which can directly account for external
disturbances having specified sources and spectral characteristics, e.g. sensor noise, rotor unbalance and external
motions. The limitations of a linear design may be exposed, however, when large amplitude vibration occurs, or when
the rotor equilibrium position varies significantly during operation, as nonlinear effects can then become important.

Previous work on active control of vibration in nonlinear rotordynamic systems covers quite diverse aspects.
Unbalance compensation for a single-disk rotor with nonlinear supports was considered by Inoue et al. (2009). Control
of synchronous vibration for a rotor supported by magnetic bearings when contacting with clearance bearings was
investigated by Cole and Keogh (2003) and Chamroon et al., (2014), while active clearance bearings have also been
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proposed for a similar purpose in (Cade et al., 2010). In other work, destabilizing nonlinear effects have been accounted
for in controller designs via linear approximations (Simon and Flowers, 2008, El-Shafai and Dimitri 2010, Karkoub,
2011). Nonlinear H-infinity control methods have been applied previously with magnetic bearings to deal with
nonlinear properties of the AMBs (rather than rotordynamics) as, for example, by Sinha and Pechov (2005).

According to standard definitions, an optimal H-infinity controller for a nonlinear system achieves a minimum
value for the peak RMS gain, i.e. minimizes the induced L, to L, norm of the closed loop system. The solution can be
found by solving a partial differential equation known as the Hamilton-Jacobi-Isaacs (HJT) equation (Van der Schaft,
1992, Isidori and Alstofi 1992). This is usually a difficult task, due to nonlinearity of the HJI equation and
non-uniqueness of the solution in the suboptimal case. It is shown here that, for rotordynamic models incorporating
nonlinear stiffness and/or damping effects, a solution to the HJI equation (in inequality form) can be obtained by
numerical optimization if a certain form of Lyapunov function is adopted. The main aim of this paper is to investigate
whether the obtained solutions are practically useful for enhancing vibration suppression qualities of AMB control for
rotors that exhibit significant nonlinear dynamic behavior.

2. Nonlinear rotordynamic model

Vibration of a nonlinear rotordynamic system subject to disturbance forces d and magnetic bearing control
forces u, applied directly to the rotor, may be described by a matrix equation in the form

M5+ Gs + Ks = E¢f(s,8) + Eyu + Eqgd (1

The vector f comprises a set of internal forces that vary as nonlinear functions of a subset of velocity and/or
displacement states, which will be denoted z. Defining the state vector xT = [sT sT], a state space representation is

x = Ax + Bsf(2) + Bqd + Byu 2)

z=Cx 3)
_ 0 I I o _ 0 7 o

4= [—M—lK —M—la]‘ Bu = [M‘lEu]’Bd B [M‘lEd]'Bf - [M_lEf] )

A linearized model for the equilibrium point x = 0 is given by Eq. (2) with f = 0. For the purpose of controller
design, it is appropriate to further define a set of output variables for inclusion in a cost function. These may be
expressed as a linear function of x and u:

y=Cx+Dyu %)
3. Existence of H-infinity controllers

The peak L, gain for a nonlinear system described by Eqgs (2)-(5) may be defined as
o Iyl
Peak Gain;, = supg.o 121 (6)

1
where ||.]|, denotes the signal L,-norm: [|y|l, = ( ffom y(t)zdt)z. It is well known that for linear systems the peak L,
gain is a time-domain version of the H-infinity norm. According to standard theory, under the assumptions DE ¢, =0
and DID, = I, if there exists a positive semi-definite function V(x) = 0 with bounded Jacobian V,(x) = dV/dx
satisfying the Hamiltonian-Jacobi-Isaacs equation given by

v, (Ax + Bff(z)) +xTCFCyx + 2y 2V ByBEVT — S iBBIVT = 0 7)
then, the control law u = —1BJ V" renders the controlled system stable with Peak Gain,, <y (see Isidori and
Astolfi, 1992). In general, it is difficult to solve Eq. (7) unless some assumptions are made about the form of V(x).
Although methods based on multi-dimensional Taylor series expansions can be used (Sinha and Pechev, 2004;

Abu-Khalaf et al., 2006) the numerical complexity for high order systems is prohibitive. For this study, a quadratic
function is considered with additional higher order terms in the nonlinear variables z only. This can be expressed

V(x) =xTPx +2g(2) (8)
where P = PT > 0. Given that V, = 2xTP + 2g,C, where g, = dg/dz, the HII equation becomes
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x"(PA+ ATP + C;Cy)x + y~2x"PB,B]Px — x"PB, B} Px + 2g,(z)CB; f () + 2(f (2)"Bf P + g,(2)CA)x = 0 (9)

If no assumptions are made about how f depends on z, the first three quadratic terms in x and remaining nonlinear
terms must sum independently to zero. This requires CB; = 0 and f(2)"Bf P + g,(z)CA = [0]. By choosing

9.(2) = f(D'E (10)

it then follows that equation (9) will hold if £ and P satisfy
BfTP+ZCA = [0] (11)
PA+A"P +C]Cy, +y 2PByBiP — PB,BP = [0] (12)

From Eq. (10),

Cx

Vi) =xTPx+2| f(2)T2dz=0
0

Hence, the requirement that V(x) is positive semi-definite imposes further restrictions on the allowed values of Z.
Nonetheless, if a solution (P, X) to equations (11) and (12) can be found which is feasible (in the sense V(x) = 0) then
this provides the nonlinear state feedback control law

u=—1BIVI = —BlPx - BICTE"f(z) (13)
which renders Peak Gain,, <y for the controlled system.

A less strict condition than that imposed by Eqs. (11) and (12) can be derived when the nonlinear force function
f(2) is a conservative vector field and is known to satisfy a quadratic constraint in the form

fTf=fTNz—2z"TMz<0 (14)
In this case, a sufficient condition for a solution to Eq. (9) to exist is that there exists feasible (P,X) such that
xT(PA+A"P + CJC,, +y™2PB4B}P — PB,ByP)x + 2f "SCB;f + 2f"(Bf P + £CA)x < 0 (15)

This inequality must hold only for values of f satisfying (14). Via application of the so-called S-procedure (Boyd et al.,
1994), the constraints (14) and (15) can be combined, leading to the following sufficient condition in matrix inequality
form:

There exists P = PT >0, £ = X7 > 0 and scalar u > 0 satisfying
A"P + PA—PB,B;P + u2CMC" PB; + A"C"E" + C"N"u  PBy C;]

BTP + SCA + uNC —2ul +XCB; + BICTST 0 0
I f H # U <o (16)
[ BIP 0 —y2 0 J
c, 0 0 I

The controller is again given by Eq. (13).

An important case for rotordynamic systems, and particularly those with AMBs, is when the non-linear force is
associated with rotor-stator interaction. This may be due to bearings with internal clearances, direct contact between a
rotor and stator over a clearance space, seals with clearances, or more complex bearing characteristics. To apply the
method described here, it must be possible to determine matrices N and M such that f(z) will satisfy (14). In what
follows, the focus will be on a situation where rotor-stator interaction involves a radial interaction force F (scalar) that
depends only on the radial displacement |z| where z = [zy z,]T includes orthogonal displacement variables for the
rotor in a lateral plane. The orthogonal components for the interaction force are then defined by f = [fy fy]T with

fx = I%XIF(IZI), fr = |ZZ—Y|F(|Z|) a7

Suppose that F(|z|) is a nonlinear function satisfying 0 < F(|z|)/|z| < € where F(|z|)/|z| may be considered as
the equivalent linear stiffness for a given value of |z|. The following equation can then be shown to hold:

F(zD

2|

fI(f—Fkz) <0, Kk=sup (18)

Comparing Eq. (18) with Eq. (14), it can be seen that the H-infinity controller solution may be found by solving Eq.
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(16) with N = kI and M = 0. Specifically, the following feasibility problem must be solved for a given y value:
Find P = PT >0, £ > 0 and scalar p > 0 satisfying

AP + PA—PB,BIP PB; + ATCTI" + C"Ru  PBy CyT]

BIP +XCA+uiC  —2ul +XCB; +BICTST 0 0
oL =] 7 e g re

[<o0 19
l BIP 0 iy oJ (15
Cy 0 0 -I

To convert Eq. (16) (or Eq. (19)) to a linear matrix inequality (LMI) problem that can be solved using standard convex
optimization routines, some transformations must be applied, as shown in the Appendix. To find a solution giving
minimum norm value, the value of y must also be minimized.

It should be remarked that for systems with nonlinear stiffness effects (as in Eq. (17)) the output matrix C will be
orthogonal to the input matrices B, and By and so CBf = CB, = 0. In consequence, the feedback control law (Eq.
(13)) no longer involves f and is a linear state feedback law (as for the linear H-infinity solution), although the gains
will be optimized for the nonlinear dynamics. For the linear H-infinity controller, synthesis may be undertaken (for the
linearized system with f = 0) by solving the LMI problem Eq. (19) with the second row and column omitted from ®.
This case will be considered for comparison purpose in the experimental study.

4. Vibration analysis and controller design for a flexible rotor

4.1 System description

The described nonlinear H-infinity control approach was applied to the experimental rotor-AMB system shown in
Fig. 1. The rotor is constructed from a steel shaft of length 700 mm and diameter 10 mm supported by ball bearings at
each end. Two disks are fixed on the shaft. Disk 1 has mass 0.36 kg and forms the hub of the AMB. A backup bearing
with radial clearance of 1 mm is also installed within the AMB. Disk 2, which has a mass 1.12 kg, is surrounded by a
clearance ring which is compliantly supported by a force-sensing unit comprising four cantilever supports (stator unit),
as shown in Fig. 1c. The ring may contact with a lubricated aluminium ring fixed to the rotor disk and having a radial
clearance of 0.4 mm. Pairs of non-contact probes measure lateral displacement in orthogonal directions at both disks.
The AMB was initially operated under PD feedback control. Large amplitude vibration leads to contact interaction
between disk 2 and the surrounding ring and this contributes a nonlinear stiffness effect on rotordynamic behavior.

To model the system, the state vector may be partitioned according to X and Y axis coordinates: xT = [x} x7].
The system inputs are the AMB forces applied at disk 1, u = [uy uy]”, the non-linear interaction force acting at disk 2,
f = [fx fv]7, and external (unbalance) force disturbances represented by d = [dy dy]7. A model of rotor vibration
may be defined in the form of Eqs (2) and (3) with

— AXX AXY] _ BZ 0] _ _[Bl 0] _[CZ 0]
A_[AYX Al B =10 B Be=Ba=|0 B ¢ T|o ¢ (20)

where B; and B, are appropriate for input forces applied at disk 1 and disk 2, respectively. Similarly, C, is the
output matrix appropriate to displacement at disk 2. For this system definition, the disturbance force d acts in the
same plane as the control force u (at disk 1). For the nominal rotational speed range of 0-200 rad/s, which includes the
first critical speed, gyroscopic coupling between X-Z and Y-Z planes is negligible and hence Ayy = Ayy = 0.

A system identification approach was used to obtain values for the system matrices in Eq. (20) based on frequency
response measurements for small-amplitude vibration. The system behaviour was found to be quite linear if contact at
the clearance ring was avoided. Note that the control forces u act in addition to the feedback components from the PD
controller, which is already accounted for within the model. The state sub-vectors xxy, each have four states that
capture the first two natural modes for vibration in lateral planes. The PD control was implemented with a low-pass
filter. However, the filter dynamics did not significantly affect the system response over the bandwidth for vibration
control (<1000 rads/s) and hence a fourth order model was appropriate. The PD controller gains were set to give only
moderate stiffness and damping from the bearing so that the response characteristics are similar to those for the rotor
without the AMB operating. Hence, the main control effects will be derived from the optimized control component u.
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Fig. 1 Experimental flexible rotor-AMB system: (a) CAD model, (b) test bench, (c) rotor and clearance ring

4.2 Nonlinear vibration analysis via LMIs

Prior to undertaking the controller design, a numerical study was performed where the LMI analysis results
(norm-bound values) were compared with the system L, gain characteristics obtained from simulations. For this study,
the PD-controlled system was considered (without the optimized control input u). The system disturbance for
simulation involved harmonic forcing in a single direction at disk 1: dy(t) = m.02 cos Qt, dy(t) = 0. A nonlinear
radial rotor-stator interaction force was applied according to Eq. (17) with a cubic nonlinear function F(|z|) = g |z|3.
This function was chosen as a bench-mark case similar to a Duffing term, as defined for single degree of freedom
nonlinear oscillators. It is also representative of the experimental system in that it imposes a stiffening effect that
increase with vibration amplitude. The system output for the L, gain evaluation was defined according to Eq. (5) with
u =0 and

_C, 0
&=\ ¢ @1

such that the output y is the lateral displacements at disk 2.

Time-step integration of the system equations defined by Eqgs. (2), (3) and (5) with u = 0 and with the model
matrices defined by Eq. (20) and (21) was performed for a range of values of forcing frequency 0 and nonlinear
parameter f. For each simulation run the L, gain was calculated as |[y||,/||d]l,. The results are shown as scattered
points in Fig. 2. For the linear case (8 = 0), two resonant peaks are clearly evident and are associated with the first and
second natural modes for lateral vibration of the flexible rotor. For larger values of f3, constraining effects due to the
nonlinear stiffness tend to reduce the amplitude of vibration but also extend the frequency range for resonance for the
first natural mode. There are large disparities between the magnitude of vibration occurring in the linear and nonlinear
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cases for a frequency range 140-250 rad/s and it is this frequency range that will be a focus for controller design and
testing.

For the LMI analysis, the system described by Eqgs (20) and (21) was combined with an input weighting function,
as shown in Fig. 3. The transfer function W, (s) is a stable approximation of the forcing function cosQt given by

W1 (S) — 20Qs

$2+427Qs+02

(22)

This resonant filter is used to probe the L, gain characteristics for harmonic forcing. If ¢ is chosen sufficiently small
then, for a stable linear system (f = 0), we have

Peak Gain,,, = supz. ':r{;l:'zz = [Wi()Gya($)]l,, = supy & (W1 (0)Gya(i)) = & (Gya(i0)) (23)

For the nonlinear case, this frequency domain interpretation is no longer valid. Nonetheless, the value of the peak

L, gain provides a useful bound on the magnitude of vibration (in the sense of the L, norm) under conditions of
harmonic forcing. An upper bound on the value of the peak gain can be obtained by solving the LMI Eq. (19) with the
smallest possible value of y. Values for the peak-gain bound obtained by solving the LMI problem for a range of
values of 1 are shown in Fig. 2. Note that for this analysis B, = 0 as the PD controller is already accounted for
within the model and no additional control is being applied. For the LMI analysis, the forcing amplitude is not
accounted for directly but is implicit in the choice of k. Larger forcing amplitude is associated with larger values of
B 1z|® and hence, a larger value of ik = sup,(F(t)/|z(t)|) = B sup.(]z(t)|?). For the results shown in Fig. 2, the LMI
gain-bound was obtained using the actual value of K from each simulation run. The gain-bound from the LMI analysis
is seen to be sufficiently ‘tight’ to warrant its further application in the controller synthesis problem — which seeks to
reduce the gain bound through application of an optimized feedback control law.

4.3 Robust feedback control synthesis

For controller synthesis, the augmented plant structure shown in Fig. 4 was considered. Here, the output
weighting W, (s) reflects the expected characteristics of the disturbance signals (as for the analysis case in Fig. 3).
Note that W, (s) is now applied at the output of the plant so that, for implementation, the states of W;(s) can be
reconstructed from measurement of y. In the case study, we consider rotating unbalance as the main source of
vibration excitation and seek to minimize vibration at disk 1 only. Hence, we may anticipate nonlinear behavior due to
large amplitude vibration at disk 2. The weighting function W; is therefore chosen to penalize y over a frequency
range corresponding to rotational speeds 0-200 rad/s, but emphasizing a nominal operating speed of 190 rad/s.

0.4
B
0.35- L, gain bound © 0 7
from solving * 041
031 & LMi problem 0.2
* 0.4
0.25
£
S 02
_I(\l
0.15
0.1
0.05

[ [
0 100 20 300 400 500 600
forcing frequency Q (rad/s)

Fig.2 L, gain calculated from simulation runs with harmonic forcing: results are shown for a selection of values for the
non-linear parameter . The peak L, gain-bound obtained by solving LMI problem Eq. (16) is also shown
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For linear controller design, the weighting function W, would be chosen so that |W,(jw)| exceeds the
multiplicative uncertainty in the plant (frequency response) model. According to the small gain theorem, if the closed
loop system model T,,; (from d to u) satisfies ||[W,T,qlle < 1, the actual closed loop system will then always be
stable. Strictly, these arguments are appropriate for linear systems only. Nonetheless, limiting the peak L, gain of the
nonlinear system W,T,; helps to create a controller that is more robust to model error (although an appropriate choice
of W, to guarantee stability is harder to deduce). Note also that T,; must be interpreted as an operator
(signal-to-signal mapping) in this context rather than a transfer function. The synthesis problem then is to obtain a
control law such that the peak L, gain of the closed loop system is less than one. This is a nonlinear version of an
H-infinity control problem, similar to the mixed sensitivity design paradigm, with the objective to achieve a closed loop
system satisfying

_ WlTyd

||T37d”DO - WZTud

A controller for which Eq. (24) holds will provide vibration attenuation performance with robust stability. The

state-space model for the augmented plant has the same form as Eqs (2)-(5) but with new state vector X, which
combines the rotor states x with weighting states x; and x, accordingto ¥ = [xT xI xI], as shown in Fig. 4.

Figure 5 shows the frequency response characteristics (singular values) for the linearized closed loop dynamics

T,q and T,4, together with the inverse of the weighting functions Wit and W5 1. The inverse weighting functions

exceed the maximum singular values over all frequencies, which agrees with Eq. (24). Hence, the required H-infinity

performance and robustness properties are confirmed for the linearized system dynamics.

<1 (24)

[oe]

Singular Values

0
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Fig. 3 The nonlinear rotordynamic model is augmented with a weighting function (disturbance model) for analytical
determination of the L, gain under conditions of harmonic excitation
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Fig. 4 Augmented plant for nonlinear H-infinity controller synthesis
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5. Experimental results

Nonlinear H-infinity controllers were implemented and tested on the experimental system described in section
4.1. The designs and implementations were based on the system under initial PD feedback control. For comparison, a
linear H-infinity controller was synthesized using the LMI formulation with the reduced version of matrix @ in Eq.
(19). The same weighting functions were used for both types of controller (although scaling factors were adjusted to
obtain controllers giving similar levels of linear performance). It was found that the linear H-infinity controllers
generally had good vibration attenuation characteristics over a low frequency range (0-200 rad/s), even for nonlinear
operation. This can be explained by the increased damping for the first flexural mode. However, for certain choices of
W, closed loop stability was not maintained when rotor interaction with the clearance ring occurred at disk 2. In
contrast, the nonlinear H-infinity controller could maintain stability over the full range of linear and nonlinear operating
conditions. It thus became clear that, for linear controller design, stability under nonlinear operation was difficult to
ensure and sensitive to the exact choice of weighting functions. So, the approach of dealing with nonlinear effects
explicitly was clearly advantageous.

For a given feedback control system that is known to be stable for linear (small amplitude) vibration it may also
be possible to check for potential instability using frequency response data. An alternative to the LMI analysis approach
is to apply the Popov stability criterion (see Khalil (2000)). Strictly, this is appropriate only for scalar
(single-input/single-output) nonlinear functions that satisfy a sector-bound condition. However, it may still be applied
to the nonlinear rotor-stator interaction model given by Eqs (17) and (18) if rotordynamic coupling between axes is
sufficiently weak. Then X and Y axes may be considered separately and the Nyquist plot of the linear system
(considering fy or fy as input and zy or zy as output) used to assess stability. These plots are shown for the test
case system in Fig. 6. For the linear H-infinity controller design, the Nyquist curve crosses the negative real axis at
a = —0.26 and so, according to the Popov criterion, stability cannot be ensured if the nonlinear force function is such
that fy/zy > —a~! = 3.85 N/mm. Conversely, to guarantee stable vibration, the nonlinear function must satisfy the
sector-bound condition 0 < fy/zy < —a~!. For the nonlinear H-infinity controller the Nyquist curve does not cross
the negative real axis and so stability of the system is always ensured, at least for the nominal model.

Singular Values

Singular Values
80 T . 20 i

.

60 - 1

uncontrolled system Gyd

& 20 1 —~
8 s
(9] L - [%]

[
> AN , >
R S R 1 :
3 \V / \ =
2 \ \ 2
@ -40F i 5

_60 . 4
closed loop system T
yd
_80 |
-100 L L -60 I I L |
10' 10° 10° 10 10° 10' 10° 10° 10* 10°
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(a) (b)

Fig. 5 Results of nonlinear H-infinity controller design. Plots show frequency response characteristics for the linearized
closed loop system: (a) vibration attenuation performance (b) robust stability
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Fig. 6 Nyquist plots for linearized closed loop systems: transfer functions from input fy to output zy
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Fig. 7 Rotor vibration during steady speed rotation: (a) no rotor-stator contact interaction (linear case) (b) with rotor-stator
contact interaction (nonlinear case)

Figure 7 shows rotor vibration levels for constant rotational speed, quantified in terms of the RMS
displacements measured at disks 1 and 2. Figure 7a shows results for both linear and nonlinear H-infinity designs under
linear operation (with no clearance ring fitted). The controllers gave similar results in terms of RMS vibration at disk 1,
although the linear controller design gave reduced vibration for the nominal operating speed of 190 rad/s. The response
behavior reflects the overall form and scaling of W, (see Fig. 5a). The vibration at disk 2, which is not included in the
cost function, is noticeably different for the two controllers. Figure 7b shows results for nonlinear operation, with
installation of the clearance ring at disk 2. The nonlinear H-infinity controller was effective for the full range of running
speeds and unbalance conditions tested. The unbalance condition of the rotor was such that hard interaction with the
clearance ring only occurred for higher speeds (>180 rad/s). For the linear H-infinity controller, the risk of
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destabilization due to rotor contact with the clearance ring prevented a full set of results being obtained. Although light
rubs resulted in limit-cycle response, sustained rubbing led to severe vibration requiring immediate controller shut
down. Results for the base-level PD controller are also shown in Fig. 7b for comparison. Figure 8 shows orbit plots for
a rotational speed of 95 rad/s for all three controllers. For this speed, the sizes of the contact-free orbit were similar for
both the linear and nonlinear controllers and were just large enough to initiate a light rub at the contact disk. However,
for the linear H-infinity controller, the vibration quickly grew to a limit cycle instability with hard contact at the
clearance ring, as evident in Fig. 8c.

6. Conclusions

It has been shown how, for a rotordynamic model incorporating nonlinear effects, an H-infinity controller
solution can be obtained by using numerical optimization to solve the HJI equation (in matrix inequality form). This
leads to a suboptimal linear state feedback controller for the nonlinear rotordynamic system. For the test case
investigated, controllers were designed to achieve rotor vibration suppression for a rotational frequency range including
the first critical speed for rotor flexure. Although linear and nonlinear controllers had similar vibration suppression
qualities over a low frequency range, linear designs were prone to lose stability during large amplitude vibration. The
nonlinear H-infinity controller maintained stability while giving comparable vibration suppression qualities - when
assessed by metrics used for the controller design optimization. Further work should develop the design approach for
systems having more than one AMB and with rotordynamic models having multiple nonlinear terms, for example due
to multiple clearance/backup bearings. This could validate the approach for typical AMB/rotor configurations and
applications.

(a) PD control (b) nonlinear H-infinity (c) linear H-infinity
Disk 1 orbit Disk 1 orbit
500 500 500
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-500 0 500 -500 0 500 -500 0 500
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Fig. 8 Measured rotor orbits involving nonlinear rotor vibration for rotational speed of 95 rad/s
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Appendix

Applying a congruency transformation with diag(P~,u"*1,1,I) to Eq. (16) followed by a change of variables
Q=P ', 0=yu"t and £=3u""' yields

QAT + AQ — B,Bl +07'2QCMCTQ B0 + QATC"S +QC"NT B, QCI

—1pT _ & T TS
p'Bf +XCAQ + uNCQ 261 + 6SCB; + 0B C"S 0 U (AD)
| BY 0 -2 0 |
| C,Q 0 o -1}
By Schur complements (see Boyd et al., 1994), this is equivalent to
QA" + AQ — B BT B0 + QATCTE+ QC'NT B, QCT QC
u'Bf +2CAQ + uNCQ —261 +£CB:6 +6BfC"ST 0 0 0
BY 0 -y 0 0 <0 (A2)
| C,Q 0 0 —I 0o |
[ cTQ 0 0 0 —%HM*J

It can be seen that this inequality still has bilinear terms involving £. Although techniques for solving bilinear matrix
inequalities (which are non-convex) can be used, the method used for this paper was to set £ = ol and solve Eq. (A2)
for selected values of the scalar o. Repeatedly solving the LMI problem with a line-search over ¢ allowed a solution
yielding the minimum value of y to be obtained.
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Abstract

This paper describes a theoretical and experimental study to establish the vibrational dynamics of a thin-
walled rotating cylinder with radial bearing supports. The main focus is on the prediction of forced response,
and on the variation in response behaviour with rotational speed. A shell theory analysis is shown to provide
a very complete description of rotordynamic behaviour that predicts various types of natural mode for free
vibration. These include in-surface torsional and extensional modes, out-of-surface wall bending modes,
as well as the classical beam bending modes exhibited by long flexible rotors. For exact solution of the
free vibration problem, the coupled eigenproblems derived from the continuum equations and boundary
constraints can be solved numerically. This approach can be applied for any given rotational speed. To
avoid having to solve the equations repeatedly, an alternative model is formulated based on the zero-speed
mode-shapes which has a simple parametric dependency on rotational speed. The method is applied to
the dynamic modelling of an experimental system comprising a 0.8 m long steel rotor with outer diameter
of 0.166 m and wall-thickness of 3.1 mm supported by two radial active magnetic bearings. The dynamic
behaviour of the system is identified by frequency response testing at different rotational speeds, where
excitation forces are applied through the bearings. The results confirm the accuracy and applicability of the
developed shell theory model for practical use in rotordynamic prediction and analysis.

Keywords: thin-walled structure, shell theory, rotation effects, forced response, rotordynamics

1. Introduction

Rotating cylindrical shell structures are essential components in various mechanical systems and pro-
cesses. Gear and shaft transmissions, wheel, roller and tire assemblies, thin-walled tubes under machining,
and turbo-machine rotors, are common examples. Vibration characteristics of rotating cylindrical shells
differ from those of stationary shells due to the effects of centrifugal and Coriolis forces as well as initial
hoop tension. The presence of Coriolis forces leads to traveling-wave phenomenon for free vibration, as first
reported in 1890 by Bryan [1]. Distinct natural wave speeds arise for forward and backward-traveling waves,
and these can vary significantly with rotational speed [2, 3]. Various thin-shell theories (characterized by
differing sets of strain-displacement relations) may be used to derive the equations of motion [4, 5, 6, 7].
In terms of simplicity and accuracy, the theory of Love is often considered appropriate [8, 9], although a
drawback of the theory is that certain rigid-body motions will not be correctly described [10].

For free vibration of cylindrical shells, analytical solutions for the displacement field can be expressed as
two multiplicative components: the angular mode-shape function that describes the circumferential traveling
waves and the axial mode-shape function that describes longitudinal deformation and which depends on the
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boundary conditions. For simply supported boundary conditions, the axial functions will involve known
sine and cosine functions [6, 11, 12, 13]. To deal with other types of boundary conditions, some authors
have used characteristic mode shapes for beam bending as approximate axial modal functions [9, 14, 15].
Unfortunately, the frequency characteristics obtained in this way are of limited accuracy as the governing
equations cannot be exactly satisfied. More accurate results can be obtained with series functions such
as differential quadrature functions [16], Fourier series [17] or orthogonal polynomials [18]. However, such
solutions can require many terms to obtain accurate results for general sets of boundary conditions.

Exact axial mode shapes for arbitrary homogeneous boundary conditions can be expressed as a finite
sum of weighted exponential functions [19]. As the exact solutions satisfy both the equations of motion
and boundary conditions, they involve orthogonal functions. This property is important for decoupling the
modal response equations in the case of forced vibration. Alujevic et al. [7] employed this approach to find
exact solutions for free vibration of a free-free rotating cylinder. As the method is semi-analytical, care must
be taken to formulate the solution in a way that avoids numerical conditioning problems. Natural frequency
values were compared with published experimental data [20, 21] and good agreement was shown, but only
for non-rotating cases. Also, non-zero natural frequencies were obtained for rigid-body tilting modes, even
without rotation, due to the aforementioned limitation of Love’s theory.

Experimental studies on the vibration of short rotating cylindrical shells have been undertaken previously,
and the applicability of simplified 2D shell /ring models shown [22, 23]. The case of rotating cylindrical shells
of short axial length subject to harmonic excitation has also been investigated in the context of rolling tire
vibration and noise [6, 24, 25]. To the authors’ knowledge, comparisons of theoretical and experimental
results for rotating cylindrical shells of large axial length have not previously been reported.

For the present work, a key motivation is the potential application of thin-walled rotors in rotating
machines, where benefits from low weight and high natural frequencies for beam bending modes are antici-
pated. Importantly, critical speeds for bending vibration may be shifted outside the operating speed range
so that excitation by imbalance is negligible. However, flexural vibration of the rotor wall, e.g. due to exci-
tation from noncircularity effects, must then be considered [23]. The ability to predict this behaviour using
analytical models is therefore important. This paper describes the solution of this problem for a uniform
cylindrical rotor based on Love’s shell theory and with exact deformation solutions obtained as a sum of
exponential functions. To accurately capture the speed-dependent dynamics, including rigid-body modes,
a parametric model is introduced based on the orthogonality properties of the axial mode-shape functions.
For an exemplary case involving a novel experimental system with active magnetic bearings, comparisons of
experimental and model-based results are also provided. These yield important information on the validity
of the modeling approach, and on the incorporation of rotation effects within shell theory models.

2. Rotating cylindrical shell model

2.1. Governing equations

A uniform cylindrical shell, rotating at constant angular speed €2 about its axis, may be considered as
shown in Fig. la. The radius, axial length and thickness are denoted by R, L and h, respectively. Let xoyozo
and zyz be local Cartesian coordinate systems fixed at the undeformed and deformed middle surface within
the cylinder wall. The components of displacement along the undeformed axes are denoted by u,. (¢, z, t),
vp(@, z, t) and w, (@, z, t). The cylinder is homogeneous, isotropic and linearly elastic with Young’s modulus
FE, Poisson ratio v and density p. It is assumed that the axis of rotation aligns with zy. Figure 1b shows
the internal forces and couples acting on a shell element, which are aligned with deformed coordinate axes.
Here, Qo = phR?Q? is the mean circumferential stress due to centrifugal loading. The components of the
external force per unit area are denoted by f., f,, and f,. The equations of motion with respect to the
undeformed rotating coordinate system may be derived as

8 T 2T ; F 7; Z U )
Rl 37; 8?2 Ryy RU (1 + %6:,1) ) + fz = ph (uT’ 2Q0, S22(‘R u’”)) (1)
O0Q 4 0Q 2, yx €z __ = Up — y
% §<;J gz . QR'/ QRO (%5 ﬁz) +fy = ph(br— 200, — Q%) (2)
0Qy 0Q - Qo 9Bz . 3
ke 5= RYs t L = phib, ®)

2



Deformed cylinder

Undeformed cylinder

(b)

Figure 1: Thin-walled cylindrical rotor model: (a) coordinate systems (b) internal forces/moments acting on shell element

1 OM. M., 1 OMy. OM. .
Qym: R 3<§y + 0z “ QZI:*E 8zy E (4)

Also, Q> = Q.y and M, = —M,,.

The derivation of these equations can be found in other sources, although some differences are seen for
the terms in Q2 and Qq, depending on whether the equations of motion are formulated and linearized using
the deformed or undeformed coordinate system [9]. In our derivation, the acceleration and force components
were related by applying Newton-Euler’s equations in the undeformed axis system, with the assumption that
rotation occurs about the undisplaced cylinder axis (aligned with the z axis).

The internal forces/moments are described by the constitutive equations from Kirchhoff-Love theory [26]:

[nya Q:z, sz] = C[eerl/Ez, €, + VeEy, I_TV'sz} (5)
98- o8B, 98 88, 1—v (9B 88,
[Myy, Mz, My:.] = D [_% aﬁqs —Vr o TR a@» S ( r+ ﬁ )} (6)
with C = £ andD_Whyz,)and
Ey:%%lg_%’ ezzaau;’"a ’Vyz_avT‘F]l%a(;}bT, (7)
590:*%831;:3 Byzaau;v ﬂz:%%ingvﬁ- (8)

To describe the interaction with space-fixed elements (which for a rotor system may include bear-
ing supports and other stator-mounted parts), a transformation to stationary-frame coordinates is re-
quired. Stationary-frame displacements are defined by u(6, z, t) = u.(¢, z, t), v(6, 2, t) = v,.(¢, 2, t) and
w(l, z, t) = w.(¢, z, t), where § = ¢ + Qt. The following relations hold for each pair of variables:

Se =05 w=u+Qf, i-=i+205 + 75 (9)

Using Eqgs (4)-(6) in Eqgs (1)-(3) and applying Eq. (9) gives
La(u, v, w) + fo = ph [ii+ 29 (2% +9) + Q% (%% —u)]
Ly(u, v, w) + f, = ph [U"‘?Q (%_u)"‘QQaQ (%_“_R%)} (10)
L. (u, v, w) + f. = ph [ + 2057 ]



where

_ 1 v w Ly 1 0
La(u, v, w) = C[}? (a**“) RT {324 +13:2 393z2 +RZ 392az2 +R4 0% +WW}
— vo®v | 14w 9w 4 1 (0% _ du 1-v 9% 4 1 9% 4 1 9% | 1 _d%u_
Ly(u,v,w) = C { 3 02 T 2R 000: T R? (ae 90 )] +D [232 22 T rigez T ®i 05 T 72 99027
_ 1+v 9%v v Ou 1—v 8w
L.(u,v,w) = C [ 22 5R 909: ~ Ro- T 2RZ 002

For rotordynamic analysis, it is appropriate to consider free boundaries at both ends of the cylinder.
According to Fig. 1b, there are five resultant forces at the end surfaces. As the order of the equations of
motion is four, only four boundary constraints are needed. Kirchhoff effective shear stress resultants [9, 11]

are used to combine shear force and moment values as V., = Q.. + }%82{;” and V., = Q.y — 5 M.,. Setting
Q.. =M., =V,, =V, =0 at the boundaries then yields
) o) _
(52 + % (55 — u)]z:iL/Q =0
92 a2 ) _
5+ (Tez + afz)}zzim =0
L 62 + —v + o (11)
R? 900z R2 8923z az J—7 -
d 19 h? 9%u _
[az + 5% + o (82 +2808z)} smtLj2 0

2.2. Analytical solutions for free vibration

To obtain solutions for free vibration, the external forces are set to zero and the following forms assumed:
u = ae™ cos(mb £ wpt), v=—Fe sin(mb + wpt), w=ye cos(mb £ wyt) (12)

where m is the integer-valued circumferential wavenumber, w,, is the natural frequency and A, o, 8 and 7y
are arbitrary constants. Note that the ‘+’ and ‘—’ correspond to the backward and forward traveling wave
solutions, respectively. Substituting Eq. (12) into Eq. (10), yields

asd* + ao X2 4+ ag + aw, doX? +do + do, el «
daN? + do + d,,, baA? + by + by, (fi+ fo)A Bl =0 (13)
—e1, —f1A, caX? + o + Cu o

where, with § = h?/12R?, the coefficients are given by

as = —O0R*, as =20m*R?, ap=-om*—1, a,= Léf(wfn + Q2 £ 2Qw,,m),
by = 52 (14 6) R, by = —(1+8)m? by = 2802 + 0%m? + 20w,,m),
=R? ¢ = —1;—”m2, Co = phclf (w2, £ 2Qw,,,m)

dy = 6mR*> dy = —6m® —m, dy, = 2L (O%m + 20u,,),

3
e1=vR, fi= 1+”mR fa= ph(j{% QQm

The equations of motion can be satisfied only if the determinant of the matrix in Eq. (13) is zero. This
yields a biquartic polynomial in A:

AgA® + Ag\® + AN + A2 + A9 =0 (14)
where the coefficients are defined in appendix A. The displacements can therefore be expressed
u="U(z)cos(ml £ wnt), v=-=V(z)sin(mb £wnt), w=W(z)cos(mb =+t wnt) (15)
4



where the z-dependent factors are a linear combination of the eight eigensolutions:

8 8 8
Uz) = Z Cragexp(Agz), V(z) = Z CrBrexp(Axz), W(z) = Z Cryr exp(Arz). (16)
k=1 k=1 k=1
Here, C}, are complex constants, to be determined. At this stage, the roots A; must be calculated by assuming
a value for the frequency w,, and then solving Eq. (14). The corresponding eigenvectors ¥y = [y, Sk, %]T
can then be constructed from the null space of the matrix in Eq. (13). The axial mode shape function
G(z) = [U(z), V(2), W(2)]" can be changed from complex to real-valued representation according to

8

8
G(z) = Z Cr Uy exp(Agz) = Z kel'k(2) (17)
k=1

k=1

where T'(2) : R — R3 are given in appendix B for each possible type of root for Eq. (14). The real coefficients
K must be determined such that G(z) satisfies the boundary conditions. This will only be possible if a
correct natural frequency value has been assumed for w,,. Although the transformation to real functions
and coefficients in Eq. (17) complicates the formulation, it simplifies the solution procedure and helps in
avoiding numerical conditioning problems. Equation (17) may be expressed in the matrix form:

G(z) =T(2)K (18)
where K = [ k1 Kz ... kg ]T and'(z) = [ [1(2) T2(z) .. Ts(z) |isa3x8matrix. By substituting
Eq. (15) into Eq. (11), the boundary constraints may be expressed

BK =0, (19)
where
[BoI'(2) + B1I(2) + BoI(2) + B3I (2)] o= L2
o [BQF(Z) +B1P/(Z) +B2PN(Z) +B3F/I/(Z)]Z:L/2
with
-V —vm 0 0 0 R
—vm?  —vm 0 0 0 0
Bo=1| v o wmmr| B~ 2%m 146 0 |
0 0 0 -2-v)ym* -m 0
0 0 O 0 0 0
R> 0 0 0 0 0
B2=10 00| B~ 0 0o
0 00 R 0 0

The determinant of B must be zero in order to obtain a non-trivial solution for K.

To determine the natural frequencies, the frequency range of interest is first discretized. Each frequency
value is then substituted into Eq. (14), with m set to a fixed integer, in order to solve for A\; and corresponding
W,.. It is then possible to construct B and calculate its determinant. Existence of a solution is indicated by
a change in the sign of the determinant for two adjacent frequencies. A secant method can then be used to
refine the solution to the required accuracy. The coefficient vector K can then be calculated by construction
from the null space of B e.g. using a singular value decomposition algorithm. If G(z) is represented using
complex coefficients and functions, then the determinant of B can take complex values. In this case, the
zero-crossing method cannot be used and finding the natural frequencies becomes more difficult.

Equation (16) is valid only if the roots Ay are non-zero. For m = 1 and w,, = 0, the coefficient Ag
vanishes and so there are two zero-valued roots. In addition, for m = 0 and w,,, = 0, both Ay and A, vanish
and this give four zero-valued roots. These solutions, which correspond to the rigid-body modes, are not
correctly represented by Eq. (16). However, a simpler form for G(z) may be assumed and substituted into
Eq. (10) to obtain the corresponding natural frequencies. This approach is described in detail in section 2.3.
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Table 1: Physical properties of cylinder for case study

Parameter Symbol Value Units
Length L 0.8 m
Radius R 0.0815 m

Wall thickness h 0.00306 m
Young’s modulus E 2.08 x 1011 N/m?
Density p 7850 kg/m3
Poisson’s ratio v 0.3

2.3. Numerical evaluation and preliminary analysis

Numerical results were obtained using physical properties listed in Table 1. These match the experimental
system described later in section 4. For the experimental system, the recorded data relates to bending mode
vibration within a frequency range of 0-2000 Hz. For construction of a theoretical model, a broader range of
natural frequencies and mode types was first considered. Figure 2 shows the natural frequencies for the non-
rotating cylinder, obtained by the solution method in section 2.2 (with Q = 0). Selected mode shapes are
shown in Figs 3 and 4. The mode shapes may be classified as out-of-surface bending or in-surface shear and
extensional, depending on the dominant displacement directions. For the z-dependent mode shape function,
the notation G,,,(2) is adopted where the index m is the circumferential wavenumber, as previously defined.
For the bending modes, the index n is equal to the number of nodes (zero-crossings) of U(z).

Natural frequencies for bending modes are shown in Fig. 2a. The modes with m = 1 include the rigid-
body translation and tilting modes (with n = 0, 1, respectively), as well as the beam bending modes (n > 1),
as shown in Fig. 3. Note that, for a given value of n, the trend of changing natural frequency with increasing
circumferential wavenumber m depends on the length-to-radius ratio of the cylinder.

Modes with m = 0 include those for which either axial extension or bending are dominant, as shown in
Fig. 4. For modes where the axial extension is dominant, then n* denotes the number of nodes of W(z). The
natural frequencies shown in Fig. 2b also include torsional shear modes, as indicated by O symbols. Modes
with n* = 0 are axial shear modes, while other modes for which m # 0 and n* # 0 involve more complex
in-surface shear and extension, some examples of which are also shown in Fig. 4. For the experimental tests,
the excitation of these modes is negligible.

To obain the physically correct results for the rigid-body modes, solutions were constructed using the

assumed modes method. For cases with m = 0, setting G(z) = [a, 3, 1]" in Eq. (15) and substituting
into Eq. (10) yields wp,0 = wp,0« = 0, and Gy o(z) = [0, 0, 17, Go,o-(2) = [0, 1, 0]”, which correspond to

translation along the z-axis and rotation about the z-axis, respectively. For m = 1, setting G(z) = [a, 5, 'y]T
and G(z2) = [az, Bz, R]", yields w10 = wi,1 = 0 and Gip(z) = [1, —1, 0", Gi1(2) = [z, —2, R)", which
describe lateral translation and tilting motions. For the flexible modes, the exact solution method was used
to find the natural frequencies and mode shapes in all cases.

To obtain exact solutions for the rotating cylinder, the same solution method may be applied but with
) set to non-zero value in Eq. (13).

3. Speed-dependent rotordynamic model

3.1. Mode-shape invariance and modal decoupling

To construct a speed-dependent parametric model, the issues of orthogonality and invariance of the mode
shape functions is first considered. Substituting the zero-speed eigensolutions in Eq. (10) yields

’Cnm = _WgnnGnLn) Q=0 (20)

where
C asUpy + asUp,, + agUnmn + d2Vi,, + do Vi +e1Wy,
P —e1Ul — iV, + oWl + coWinn,

6



() x10% (b)

15000 T T T T 4 T T T
* O Bending modes o O  Torsional shear modes
*  Bending and extensional modes %) V  Mixed shear/extensional modes
% 351
%
Z %, s
* %) %)
2 5 3
_ g g _
N %) z N
< 10000 _ %) o 4
n=20 2, 2 g
< > £25
£ % £ o

x”m“k‘nn

5000

a o

©

S S o

S o o
3 S o 5 3
> S - > > [
S S oo g
) S n= O 9 z ) 20
3 S =15 5 ) o =)
g S o g g a
L S S & o
= 2, 2 =
= Q © 5 =2 = i
[ o S =2 T 15
8 o O g 2 g 1
2 o & 2 x
T o LSS}
z =4 z

g

(1 AN AN

& u\\i\\\
[N
90

Il Il Il Il
3 4 5 6 7 8 9 10 0 1 2 3 4 5
circumferential mode number, m circumferential mode number, m

o

Figure 2: The natural frequencies of a non-rotating cylindrical shell with properties in Table 1: a) bending and extensional
modes, b) torsional and mixed shear/extensional modes

For the case with rotation,
Icmn = —(wb )QGmn — QwannAmen - QszGmn

mn

Ko = (6 )2Chn + 20k Ay G — Q2TL,, Gl } 270 (22)

where the backward and forward mode frequencies are denoted w?,,, and w/, . respectively. If the centrifugal

stress term in Eq. (2) associated with the axial strain gradient (% %ﬁg) is neglected (so that f; =0 in Eq.
(13)) then both A,, and IT,, have symmetric forms:

m 1 0 1 0
Ap,=|1 m 0|, II,=| m m?2 0 (23)
0 0 m 0 0 0

The boundary constraints from Eq. (11), are
[W/nn - % (Umn + mvmn)
(Ul — = (MU + mVin)

]

]
[U;gn_(Q_V)%;U:nn_ %V’rg’m} _ =0

]

By applying Eq. (24), it can be shown that
L2
/ G oKmn — Gy Kimgdz = 0. (25)
—L/2

Therefore, from Eq. (20), (wZ,, — wh,) ffé% G yGmndz = 0. SInce Wy # Wiy, it can be concluded that

L/2 _
/ GT Grpdz = O 1T (26)
L2 0, q#Fn

7



Table 2: Numerical results for bending mode dynamics of free cylinder. Natural frequency values are shown from exact solution
and from using parametric formula Eq. (29)

Q/27 =0 Hz Q/27 = 30 Hz Q/2m = 300 Hz
coefficients formula exact formula exact
modestore | | b e | b b | e b | he ohe | ohe b
(Fiz) amn dmn (Fiz) (Fz) (Fiz) (Hz)
m=2n= 305.99 -0.80022 7.5358e-7 344.09 272.10 344.09 272.10 832.35 112.49 832.16 112.51

m=2,n=1 313.40 -0.79535 1.4149e-6 351.61 279.33 351.61 279.33 839.75 116.96 839.49 116.95
m=2,n=2 603.90 -0.78598 1.8652e-4 641.41 568.57 641.40 568.55 1069.4  341.00 1067.7  339.47
m=3,n=0 865.19 -0.60054  5.3070e-6 940.16 796.19 940.16  796.19 1845.3  405.65 1845.3  405.70
m=3,n=1 872.60 -0.59996 9.7775e-6 947.57  803.56 947.56  803.56 1851.3  411.29 1850.9  411.28
m=3,n= 934.81 -0.59975 6.8217e-5 1009.6 865.57 1009.6  865.56 1900.1 459.91 1899.2  459.35
m=3,n=23 1149.1 -0.59998 2.8198e-4 1223.4 1079.4 1223.4 1079.4 2076.1 636.05 2074.3  634.59
m=2,n=3 1311.9 -0.77816 6.4058e-4 1349.1 1275.7 1349.0 1275.7 1728.7  995.57 1726.0  993.10
m=1,n=2 1344.1 -0.86113 1.0239e-3 1348.3 1339.9 1348.3 1339.9 1386.4 1303.1 1384.2 1300.9
m=4,n=2 1703.6 -0.4725 5.9478e-5 1812.7 1601.0 1812.7 1601.0 3063.8 947.26 3063.1 947.00

where a,;,, = ffé%

Using Eq. (20) to substitute for &, in Eq. (22) and applying Eq. (26), it may be shown that, if A,, = Af1
and II,, = IT% | then (w0, — wh,,) fL/2 G AmGmndz = 0. Since w?,, # w?, . it can be concluded

G  Gmndz. This implies orthogonality of the stationary mode shapes.

—L/2
L2 b _
/ T A Gz = { 0 T Omne 4= (27)
—L/2 0, q#n
where b,,,, = 2 f_LﬁQ UpnnVimndz. Tt then also follows from Eq. (22), that
L/2 _
/ G M, Gz = {0 17T (28)
—L/2 0, q#n
L/2

where ¢y = |7} /Q(Umn + mVyun)?dz. Note that the coefficient c,,,, is a measure of the circumferential

extension. With no extension, u = dv/90 and so Uy, + mVy,, = 0.

The implication of equations (27) and (28) is that, with symmetric matrices A, and II,, (as in Eq. (23)),
the zero-speed mode shapes G, are also eigensolutions of Eq. (22), i.e. the mode shapes are unaffected
by rotation. Now, substituting Eq. (20) into Eq. (22), then premultiplying by G and integrating over
z € [-L/2,L/2] yields a set of quadratic equations for the natural frequencies, the solutions for which are

i = o+ 22| (2o )" = g | 50 (4 2 (29)
Here, the lower value corresponds to the backwards wave solution. Table 2 shows natural frequency values
for the cylindrical rotor (Table 1) for two cases: 1) based on exact solution with inclusion of the d¢,/9¢ term
in Eq. (2); and 2) using the formula from Eq. (29), which neglects the de,/0¢ term. For the first ten bending
modes, there is agreement within four significant figures when 2/27=30 Hz. For higher rotational speeds,
the difference becomes more apparent for higher order modes, although agreement within three significant
figures is still obtained for the cases shown with /27=300 Hz. The formula Eq. (29) can be used directly to
construct a Campbell diagram for the free rotating cylinder, as shown in Fig. 5. The decoupling equations
(27) and (28) also facilitate the construction of a parametric speed-dependent model for forced vibration, as
described in section 3.2.
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Figure 5: Campbell diagram for free rotating cylinder with properties in Table 1.

3.2. Parametric model for forced vibration

For the prediction of forced vibration involving rigid-body and bending mode excitation (m > 1), a
truncated modal expansion is adopted where p,,,, () and g, (t) are modal response variables:

M=
] =

u(8, z, 1) Unnn(2) [Prmn () st mé + G, (t) cos mb)]
m]\; n;[()

0(0,2,8) = > > Vin(2) [Pmn (t) cos M8 — g (t) sin mo)] (30)
m]\;1 n;[()

w(@, 2, t) - Z Z Wmn(z) [pmn (t) sinmf + dmn (t) Cos m@]

0

3
I
s
I

Suppose an external point load P(t) = [P,(t), Py(t), P.(t)]" is applied at (6,z) = (0p, zp), then

[for fys fo)T = EP()3(0 — 0p)5(2 — zp) (31)

Substituting Eqgs (30) and (31) into Eq. (10) and exploiting the orthogonality properties of sin mé and cos mé
yields a set of 2M equations:

nO:OO n;O (32)
Z ICanmn + ]:31 = Z [Gmnq'mn + 2Q—AmG(mnpmn - QszGanmn]
n=0 n=0

where 29 = (pnrRh) "*HP9(0p)P(t)6(z — zp) with HE, () = diag ([sinm@, cosm@, sinm#b]) and HY, () =
diag ([cosm@, —sinm#b, cosm@]). Substituting K, = — G'mn, and premultiplying by G | then inte-

Winn mq’



grating over z € [—L/2, L/2] and applying orthogonality properties from Eqs. (26)-(28), yields
Brn — 20 (m+ 228 ) G+ (2, — 02282 ) py =2 L-GT, (2 HE, (05) P(1)

) . 2 2c 1 T q (33)
>pm,n + (wnm, -Q ﬁ) dmn :men(ZP)Hm(QP)P(t)

Gmn + 202 (1 + L

where (i, = pT Ry, .

It can be easily verified that the rigid-body dynamics are correctly represented by Eq. (33) when the
assumed mode shapes given in section 2.3 are adopted. Of special importance for rotordynamic analysis are
the tilting modes with G1 1(z) = [z, —=, R]T, as these are subject to gyroscopic effects when the cylinder is
rotating. For this case, a;, = %LB’ + R2L, by = —%Lg’, c11 = 0 and so Eq. (33) becomes

(%7’77,0[/2 + %moRQ)]')'ll — QmoR2q'11 =Zp sin(Gp)Pz(t) —ZzZp COS(@P)Py(t) + Rsin(HP)Pz(t) (34)
(5moL? + 2moR?)i11 + QmoR*pr1 =zp cos(0p) Py (t) + zp sin(0p) Py (t) + Rcos(0p) P.(t)

where mg = 2pmRhL is the total mass of the cylinder. Here, the gyroscopic cross-coupling terms, which
involve the axial moment of inertia I,, = myR?2, result in non-zero natural frequencies for conical precession.

Equation (33) can be written in matrix form for multiple point loads P;, and with the inclusion of
damping, as

J
where L = [P, Gmn] and

1 0 bmn 0 -1
an,umn|:0 1:|;Jm,nﬂmn(m+a )|:1 0 :|a

mn

By (0, 2) = Unn(z)sinmb  Vyp(2) cosm Wi (z) sinmé
mn % 2) = Unn(z)cosm Vi (2)sinmb Wi, (2) cosmb |’

Km,n = w?ymanv KQ = Cmn an7 Cmn = zgmnKmn
Q.

mn
mn

Combining the uncoupled equations (35) for all 2M (N + 1) modes gives

ME + (C +200) € + (K — Q’Kq) € = Y E(0;,2)P;(1) (36)
J
where €7 = (¢, €T, ... €T) e RFMINHD with ¢T = (€L, €01, . &L ] Consequently, M, C, J, K, Kq €

R2M(N+1)x2M(N+1) are block diagonal matrices in correspondence with Eq. (35). Also, E € R2MN+1)x3
and the displacements at an arbitrary space-fixed location can be expressed

[u(8, z,t),v(0, 2,t), w0, z,t)]" =ET(0,2)&(t) (37)

4. Experiments

4.1. Experimental system

The experimental system is comprised of a horizontal cylindrical rotor of length 0.8 m with two radial
magnetic bearings, as shown in Fig. 6. The rotor is a uniform steel tube with properties given in Table 1. The
rotor has very high natural frequencies for beam bending modes (>1300 Hz) due to its thin-walled structure.
The bearings are of a specialized design for thin-walled rotors and are based on a distributed actuation
magnetic bearing (DAMB) topology [27]. Each bearing comprises a circular array of 24 small U-shape

11
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Figure 6: Experimental thin-walled cylindrical rotor supported by distributed actuation magnetic bearings (a) photograph (b)
cross-section drawings

Table 3: Properties of magnetic bearing actuators

Parameter Symbol Value Units
Pole face area A 72 mm?
Permeability of free space 140 47 x 10°7  H/ m!
Effective flux path length l 1.2 mm
Maximum number of coil-turns No 100
Bias current i0 2.2 A

12



electromagnetic actuators that apply attractive forces around the periphery of the rotor. Using multiple
compact actuators helps to avoid magnetic flux saturation within the rotor wall and thereby achieve high
load capacity. The coil winding pattern and driving scheme are devised such that the orthogonal components
of the net bearing force (X-Y axes) depend principally on two (X-Y) control current components within the
two coils on each actuator. Hence, the bearing forces can be controlled using strategies similar to those
applied with conventional AMBs. In open-loop configuration, the bearings are unstable due to the negative
stiffness effects from coil bias currents. Stable support of the rotor can be achieved using feedback control
of the coil currents based on the measured rotor position. Further details on the operation and modelling
of the bearing are given in section 4.2.

The rotor is driven by a brushless d.c. motor connected via a flexible coupling. This coupling comprises
a disk mounted on the motor shaft with four foam rubber flexures (length 40 mm) that connect between
the disk periphery and the end of the rotor. This coupling supports the transmission of a driving torque to
the rotor but has negligible effect on the flexible mode dynamics of the rotor.

The system has two pairs of rotor position sensors located in two transverse planes adjacent to each
bearing (see Fig. 6). These sensors are standard eddy current proximity probes and are used for feedback
control of the bearings. In addition, a single high-sensitivity proximity probe is mounted on a movable ring
that can be positioned to measure the radial vibration at any point on the rotor surface.

Each bearing has one actuator that is wound with an extra coil. The extra coils are used to apply
localized excitation forces to the rotor wall that are aligned with the +X axis direction, as shown in Fig.
6. The excitation forces couple strongly with the flexural dynamics of the rotor wall and so can be used for
vibration response testing and modal identification of the overall structure during operation.

4.2. Active magnetic bearing model

For the DAMBs, the attractive force applied to the rotor wall by the j™ actuator at location (95, z;)
may be described by a standard reluctance force model [28]:

(NIII + NZI2 + ]\feie)2
(l -+ 2£L’j)2

PZE,j(t> = fj(xj,ll712,ie) = _MOA (38)

Here, A is the pole face area, [ is the effective flux path length for the equilibrium position (accounting for the
total reluctance including air gap) and z; = u(6;, z;, t) is the radial displacement of the rotor wall. Frictional
forces may be neglected, and so P, ;(t) = P, ;(t) = 0. Physical values for the experimental system are given
in Table 3. Two of the coils, having number of turns N7 (6;) and N»(6;), are used for levitation control and
are supplied currents I; and Iy according to a differential driving mode with constant bias component ig
and control currents i; and i2 [28]. The excitation coil, having N, turns, is supplied current i.. This is used
for excitation only and is powered separately to provide a localized forcing that can be utilized in dynamic
response testing. For the levitation coils, the coil winding and driving scheme is defined by

Ny leostl = No——Llinfl__
Ni(0) = No | sin 0]+ cos 0]’ Na(6) = No | sin 6]+ cos 6]

I (0,t) = io + sgn(cos 0)i1(t), I2(0;,t) = o + sgn(sin )is(t)
where Ny is the maximum number of coil turns. This scheme helps to decouple the levitation forces from
the flexible mode dynamics and can be realized with just four current-controlled drives powering four sets of

coils connected in series [27]. Linearizing Eq. (38) about the operating point F with x; = i; =is =i, =0

gives an equation in the form
2

Fi(t) = fo+ kaxj + > okin + ocie (39)
k=1
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where fo = g Al=2%i2(N7 + No)? and

df
ka(0) = Ti| 4o AI32(N, + Ny)? (40)
dl‘j E
_ 4 -2
O’k(ej) = % = sgn(gk(t?j))2quNkl Zo(Nl + NQ) (41)
E
RN i I , -2
oe(0;) = = | = 58n(gk(07)) 200 AN ig (N1 + No) (42)
elE
For the experimental system, the two identical radial bearings, A and B, have axial locations z = —268 mm

and z = 268 mm respectively. Combining Eq. (39) for all 24 actuators, the bearing forces are expressed
FA8 = By 4+ DaP + it P 4 2idP (43)

where X is a 24 x 2 matrix with coefficients ¥, = o1(0;), 7 = 1,2,...,24, k = 1,2, 3. is a 24 x 1 matrix
with coefficients X, ; = 0.(6,), 7 = 1,2,...,24 and D is a 24 x 24 diagonal matrix containing the negative
stiffness coefficients D, ; = kq(6;).

To stabilize the bearings and give suitable stiffness and damping properties, feedback of the radial
displacement of the rotor ys(t) measured at four locations is required. The combination of two bearings
with an arbitrary linear feedback controller may be represented in state-space form as

jcc = Acxc+chs
ivB = CABy, (44)

where the matrices capture the dynamics of the feedback controller and drives. Combining Eqs (43) and
(44) gives the complete linearized DAMB model as

Te = Acze+Beys
FAP = Fy+ Dot + mCH e, + Beilh? (45)

Combining the state variables for rotor vibration in Eq. (36) with the dynamic states in Eq. (45) and
using y,(t) = ET¢&(¢) gives the complete system model in the form

¢ 0 I 0 3
d | S .
| ¢ = M (Ky — ’Kgq) M1 (C+20J) M (E4Z4C2 + E, 5XPCP) I3
o B.ET 0 A, e
0 0 1A
+ | MTIE =) M 'EgXP {f%} (46)
0 0 e

where K,; = K — EADAE’Y — EgDPEL and the excitation forces are f4 = 24i,, f8 = ¥5i,.

4.8. Results

Frequency response testing was undertaken for a range of forcing conditions and rotational speeds.
Radial excitation forces were applied to the wall of the levitated rotor using the two excitation coils located
at bearings A and B, as shown in Fig. 6a. Two different forcing patterns were adopted involving symmetric
(fA = fP) and anti-symmetric (f4 = —fB) excitation. The first case predominantly excites modes with
even values of n, while the second case excites modes with odd values of n. During testing, the DAMBSs were
operated with low gain PID feedback using a standard centralized control strategy to achieve decoupled
control of parallel and conical rigid-body modes (see [28], Chapter 8). The resulting bearing forces produce
very soft support charateristics and yield natural frequencies for rigid-body modes close to 30 Hz.
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Figure 7: Schematic diagram of rotating cylinder model for the experimental system showing location of DAMB forces and
displacement sensors

Tests were first performed without rotation and without attachment of the rotor coupling. Results are
shown in Fig. 8. The data shown is for displacement measured by the sensor at the free end of the rotor.
The model-based predictions show an agreement within 0.5 % for all natural frequencies within the testing
range, with the maximum difference in natural frequency being 3.5 Hz for the m = 3,n = 1 mode (875
Hz). Non-uniformity of the cylindrical rotor due to machining error is a possible source of error, in addition
to uncertainty in the DAMB properties. Note that the force gains for the two excitation coils are slightly
different which leads to mixed excitation of symmetric and anti-symmetric modes for the two cases. Some
extra resonances occur in the low frequency range (50 - 200 Hz) due to flexibility of the foundation structure
on which the bearings are mounted.

For tests with rotation, imbalance excitation arose due to non-uniformity of the cylinder rotor. Distur-
bances from sensor run-out error and the flexible coupling were also present. These were suppressed by
using a harmonic vibration control algorithm to generate disturbance-canceling forces, applied through the
bearings [29]. This had negligible effect on the dynamic response characteristics of the system. Frequency
response data for a rotational speed of 11.1 Hz (2 = 70 rad/s) are shown in Fig. 9. The numerical results
are based on the parametric model for the speed-dependent dynamics, as described in section 3. The split-
ting of natural frequencies for forward and backward modes due to rotation effects is clearly evident for all
flexible modes. A high level of agreement between the theoretical model and experimental data is seen. The
small amplitude behaviour, which might reveal frequencies for anti-resonance, cannot be easily verified from
the experimental data due to measurement errors from noise and electrical interference. This introduces a
‘noise floor’ for the sensitivity measurements which tends to increase with rotational speed, making accurate
response testing more challenging for higher speeds.

The complete set of experimental data is superimposed on the model-based Campbell diagram in Fig.
11. The experimental values for the natural frequencies show a high level of consistency with the model-
based results. Even though, for certain modes, there is a visible offset error in the frequencies, the trend
for changing rotational speed matches closely. To perform tests at higher rotational speeds (>12 Hz), the
rotor imbalance was reduced by the addition of small correction masses on the inner surface of the rotor.
A partial balancing solution with masses of 45 g £10° at the driven end and 90 g £170° at the non-driven
end was used. This resulted in a slight splitting of the degenerate mode natural frequencies, even at zero
rotational speed, due to the asymmetry introduced by the added masses. For certain modes, the change
(lowering) of natural frequency is quite evident, but the overall trend for higher speeds is consistent with
the model-based results.

By using acoustic signal measurements, the natural frequencies could be identified over a wider range
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than was possible with displacement signals alone. Tests were performed with short duration harmonic
‘chirp’ signals for excitation, with frequency sweep covering the range of interest. Example data is shown in
Fig. 10. The FFT of the acoustic signal gives a clear indication of the natural frequencies within the target
interval of 1100 to 2000 Hz. Identified natural frequencies for the rotor without balance masses within this
range are shown, together with model-based predictions, in Fig. 12. The overall consistency between the
experimental and theoretical results provides important validation for the described shell theory and for the
use of the parametric forced-response model (Eq. (36)) in rotordynamic prediction.

5. Conclusions

This paper has defined and experimentally verified a 3-dimensional multi-mode model for the vibration
behaviour of a thin-walled cylindrical rotor based on shell theory. Salient points from the study are that

1. The described model can provide a complete and accurate description of the vibrational dynamics of
a thin-walled cylindrical rotor for a practical range of excitation types and rotational speeds.

2. The shown invariance properties of the mode-shapes allows the construction of a discrete model having
a simple parametric dependency on rotational speed, with negligible impact on accuracy.

3. The parametric model for speed-dependent natural frequencies (Eq. (29)) indicates that, for the low
order bending modes, the effect from circumferential extension is very small.

An implication of point 3 is that, even for experiments with higher rotational speeds, the correctness of
the centripetal (2) terms in the equations of motion may not be exposed unless modes with significant
in-surface extension are excited and identified.

The described theoretical model may be used to construct benchmark cases for validation of finite element
codes for rotating shell structures. It also has good suitability for use in the design of active vibration control
strategies. This will be considered in future work.
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Appendix A: Characteristic equation coefficients

Coeflicients for the biquartic polynomial in Eq. (14) are

As = agbaco

As = asg1+ co (azby — d3)

Ay = aa(bo + by)(co + cw) + azgr + ba (63 + apea + awCZ) —dg (cady + c2dy, + g2)
Ay = (ao+aw)gr + (bo + bu) (€7 + asco + ascy,) — (do + duy) (coda + cuda + g2)
Ay = (ag+ ay)(bo + by)(co+ co) — (co + cu)(do + do,)?

g1 = (bo+bu)ea+balco+co) + f7 + fifo

g2 = co(do+dy,)+ (co+cy)da+2e1f1 +erf

Appendix B: Real eigenfunctions

For a given root A\ = o + j3 of Eq. (14) and corresponding eigenvector U7 = [a + jb, ¢+ jd, e + j f]
(with j = v/—1), a set of real-valued function vectors may be defined as

acos Bz — btanh azsin 5z
Ri(A\,¥,z) = coshaz | ccosfz— dtanhazsin Sz
etanh az cos Bz — fsin Bz

asin 8z + btanh az cos 5z
Ro(A\, ¥, z) = coshaz | csinfz+ dtanhazcos Sz
etanh azsin Bz + f cos Bz

atanh az sin Bz + bcos Bz
R3(A\,¥,z) = coshaz | ctanhazsinfz + dcosfz
esin 8z + f tanh az cos Bz

atanh oz cos Bz — bsin Bz
Ra(A\, ¥, z) = coshaz | ctanhazcosfz — dsinfz
ecos Bz — ftanh azsin 8z

It can be shown that the derivatives are given by R} = aR4 — fR2, Ry = aR3 + fR1, Ry = aRa + fR4
and R) = aR1 — fRs.
For four complex roots, A\ = a + jB, Ao = a — jB8, A3 = —a — jB, \y = —a + jB, and U] =
[a + b, c+jd, e+ jf], ] =[a—jb, c—jd, e — jf], VL = [a + jb, c+ jd, —e — jf], VI = [a — jb, c — jd, —e + j f]
then

4 4
> Ok exp(Mez) = Y wxRi(Ax, U, 2) (47)
k=1 k=1

where k1 = C1 4+ Cy + C3 + Cy, ko = j(01—02—03+04), K3 = j(01—02+03—04) and ky4 =

Ci1+Cy —C3 — (4.

For a pair of imaginary roots \; = j3, Ao = —j and ¥T = [a, ¢, jf], VL = [a, ¢, —j f] then

2 acosfz asin Bz
Z CrVUkexp(Az) =k1R1(A1, V1, 2) + kKaR1 (A1, ¥1,2) = Ky ccos Bz + ko | csinfz (48)
k=1 —fsin Bz fcospz
where k1 = C; + Cs and ko = j (Cl — CQ)
For a pair of real roots, \; = o, , Ao = —a and U] = [a, ¢, €], U1 = [a, ¢, —¢] then
2 a cosh az asinh az
Z CrVUkexp(Aiz) =k1R1(A1, V1, 2) + kKaRa(A1, ¥1,2) = k1 | ccoshaz | + ke | csinhaz (49)
k=1 esinh az e cosh az
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where k1 = C1 + Cy and ko = C7 — Cs.

Although there are eight possible type combinations for the roots of Eq. (14), the axial mode shape
function can always be constructed as in Eq. (17) with I'y(2) = R1,2,34 and ky, selected from Eq. (47)-(49)
according to each root type. For improved numerical behaviour, a normalized version may also be used:

8
G(2) = kiTi(2) (50)
k=1

where &} = ary, I';(2) = a™'Ty(2) with a = cosh (L(;’“)L),
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Controllability and actuator placement optimization for active damping of a
thin rotating ring with piezo-patch transducers

Ziv Brand, Matthew O. T. Cole*
Department of Mechanical Engineering, Chiang Mai University, Chiang Mai 50200, Thailand

Abstract

A study on optimal actuator placement for controlling flexural vibration of a thin ring under rotation is re-
ported. Piezoelectric patch actuators and sensors may be applied with a feedback control system to provide
active damping of structural vibration involving circumferential traveling waves. To assess the interaction
of vibration with actuator and sensor operation, a theoretical model of a rotating annulus is first considered.
This model shows that, for the non-rotating case, a minimum of two actuators is required to achieve control-
lability of any given set of natural vibration modes. To determine the optimum positioning, a controllability
metric is further defined that accounts for rotational-speed-dependent dynamics and initial passive damping
of targeted modes. This metric involves a time-weighted controllability Gramian matrix derived from a
balanced model realization for combined treatment of sensors and actuators in collocated pairs. The results
show that the optimal angular separation of two actuator/sensor pairs varies with rotational speed due to
the combined influence of initial damping and Coriolis forces. To provide a practical solution, a finite range
of speeds is considered within a mini-max optimization criterion. Experiments have been conducted on a
thin steel ring with collocated piezo-patch sensor/actuator pairs. A decentralized active damping control
scheme based on a synthetic proof-mass-damper control law was used to suppress vibration involving the
six lowest frequency vibration modes (with natural frequencies of 161, 442 and 846 Hz without rotation).
The experiments confirm the theoretical results and show that, although a single actuator-sensor pair can
achieve improved damping at high rotational speeds, the optimized configuration of two pairs provides
effective damping over the full range of operating speeds.

Keywords: Vibration control, Travelling wave, Controllability Gramian, Active mass damper,
Piezoelectric patch

1. Introduction

The vibration characteristics of rotating cylindrical shells differ from those of stationary shells due to
the influence of centrifugal and Coriolis forces, as well as initial hoop tension. The effect of rotation may be
observed as a beating vibration caused by the differing wave speeds for forward and backward travelling waves
[1]. To apply active vibration control methods to rotating cylindrical shells, it is important to understand how
the effects from rotation will impact on the effectiveness of any proposed control implementation. Important
aspects include the number and positioning of actuators and sensors on the structure, the size and shape of
actuators and sensors, the type of control algorithm, and the methodology for controller design. This paper
focuses on the first of these issues and reports both theoretical and experimental results for piezo-based
active damping control of a short rotating cylindrical shell.

Piezoelectric patch actuators and sensors are important components for vibration control of shell struc-
tures as they are lightweight and flexible, have high frequency response and can be easily bonded to a
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structure. Their low mass and flexibility means they can be applied with very little impact on the structural
dynamics [2]. Application to thin-walled rotor systems is also possible, where dynamic instability, high-cycle
fatigue and stress-related damage to bearings may be alleviated through active vibration control [3].

Many research studies and applications have considered piezoelectric actuators for vibration damping of
stationary structures. The benchmark case of a cantilever beam has been investigated extensively since it
offers the possibility to validate and compare different approaches [4, 5, 6]. Nestorovi¢ et al. [4] performed
experiments on a cantilever beam with four ceramic piezoelectric patches and with control laws based on op-
timal linear quadratic regulation (LQR) and Kalman filtering. Jungiang et al. [6] presented the experimental
identification and multi-mode vibration suppression of a flexible manipulator with piezoelectric actuators
and strain sensors using optimal multi-pole-placement control. Xiang et al. [2], studied the optimal location
of piezoelectric actuators for active vibration control of a membrane structure with optimization criterion
based on the controllability Gramian. The optimization problem was solved using a genetic algorithm (GA)
and particle swarm optimizer (PSO) algorithm. The classical LQR performance index was also considered
as an objective function for the optimization process.

Active damping of vibration in cylindrical structures has been considered for applications such as cabins
of aircrafts, hulls of submarines and bodies of rockets and missiles. In previous studies, however, only the
non-rotating case has been studied [7, 8, 9, 10]. Ray and Baz [8] and Ray and Reddy [9] investigated
active constrained layer damping (ACLD) of thin cylindrical composite shells using piezoelectrics. Caner
[10], in addition to designing the control law for vibration suppression, investigated the optimal placement
of piezoelectric patch actuators for a cylinderical tube with free ends. The optimization criterion involved
the eigenvalues of the controllability Gramian matrix and took into account three measures: 1) standard
deviation in order to achieve similar controllability degree for each mode, 2) summation of the eigenvalues
to achieve small mean value and 3) a multiplication term involving all the eigenvalues to prevent any modes
having very low controllability.

For vibration suppression in rotating shell structures, piezoelectric actuation and sensing has been pro-
posed for decreasing fan blade vibration to achieve lighter, quieter, and more efficient turbomachinery. Duffy
et al. [11] examined the viability of using piezoelectric sensors and actuators as part of an active control
system to reduce resonance vibrations in composite fan blades under centrifugal load. The locations of the
piezoelectric patches were chosen to coincide with the highest strain for the first bending mode of the blade
at 0 rpm. Test results showed increased damping and reduced vibration over a range of rotational speeds.

Kumar and Ray [12] studied the performance of piezoelectric patches within an ACLD treatment of
rotating conical shells. In their work, the effect of ACLD structure (fibre type and orientation) was investi-
gated using a three-dimensional finite element model. A simple velocity feedback control law was adopted
for simulation and assessment of various cases. Examination of the optimal location and/or number of
piezoelectric actuators was not undertaken.

To describe the vibrational dynamics of cylindrical and conical elements, shell theories may be usefully
applied [13, 14]. With the inclusion of rotation effects, free vibration behavior is seen to involve travelling
waves that propagate around the circumference of the structure [15, 16]. Although the wavelength of
circumferential waves is fixed by symmetry, the natural frequencies (and wave speed) vary significantly with
rotational speed due to Coriolis forces and the hoop stress induced by centripetal acceleration. A number
of studies have experimentally validated theoretical models of this behaviour [17, 18], including for the case
of piezo-electric patch actuation and sensing [19]. However, to the authors’ knowledge, the impact of the
travelling wave dynamics on controllability, and the solution of the actuator/sensor placement problem for
the case of a rotating cylindrical shell structure, has not been previously reported.

2. Theoretical model of a thin rotating ring with piezo patch elements

To derive a theoretical model for elastic vibration of a thin rotating cylinder/ring with piezoelectric
patches, the geometry shown in Fig. 1 is first considered. To develop the equations of motion in the rotating
frame, the angular position coordinate 6 is defined relative to a fixed datum on the ring aligned with the
X axis. Considering bending and extension in the plane of rotation only, the displacement of the neutral
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Figure 1: System schematic for model development showing geometry of two collocated actuator/sensor pairs

plane in the local (z,y) axes directions is defined by functions (¢, ) and v(t,0). These correspond to
deflection in the radial and tangential directions respectively. First order approximation theory [20] gives

the circumferential strain as
_l(w_N_z (v u )
= R\o0 ") ®m2\98 " 62

The stress-strain relation can be expressed
o9 =09+ Feg + Céy (2)

where E is Young’s modulus and C is the material damping coefficient. For constant rotational speed,
the mean component of the hoop stress due to rotation is g = pR202? and the equations of motion for a
differential element (neglecting rotational inertia) are [15, 16]:

OF, . .
50 + RFyk, = pAR [ii + 2Q0 + Q* (R — u)] (3)
20 RF;k, = pAR |V — 2Q4 + Q 20 (4)
oM, oM,
20 —RF,+R 50 =0 (5)

where A is the cross-sectional area, k, is the curvature of the neutral plane about the axis of rotation,
M, is the internal bending moment and M, is a moment distribution (per unit length) due to external
forcing/actuation. Applying the first order approximation RF,k, =~ F, and using the third equation to
eliminate F), from the first two gives

1 02M, Pu v 0% M, . .
RETE + pARQ? (892+80) +fy+W = pAR [ii + 200 — Q%] (6)
af, 10M., OM, . oo 5 0u



where f, = F, — pR?Q?. Applying the standard inextensibility relation u =
tuting for M, based on Egs (1) and (2) gives the governing equation as

iz &_ +4Qi@_92 ov' _|_382U 4 Bl 87’02_‘_287’04_‘_87@6
dt? \ 002 dt 00 06+ 062 pARA \ 002 064 066

Cr, i 87’02 +267’U4 + 371}6 — 1 33Me + M. (8)
pAR dt \oo2 T 00" T a6 ) = sar \ o8 T a0

89, eliminating f, and substi-

where I, is the second moment of area for the ring cross section.
To obtain a discrete model incorporating a finite number of modes, the displacements may be expressed:

= Z D (t) sinmb + ¢, (t) cos mb 9)

M
= — Z Gm (t) sinm@ — py, (t) cosmb (10)
m —

where p,,(t) and g, (t) are modal displacement variables and sinm# and cos mé are the mode shapes for free
vibration, having integer wavenumber m. Substituting for v(¢,#) then multiplying by sinm#@ and integrating
over 0 € (0,27) gives

ET,
pAR*

3

(mz—l—l)(jm—élmem—&—QQ (m4—3m )qm+ (m —m)2qm

CL. , 4 . om [T (OPM.  OM.\ |
AR (m® —m) qm——TrpAR/o (803 + 20 )Slnm9d0 (11)

Similarly, multiplying by cos m# and integrating gives

+

EIL. , ,

(m2 + 1) P + 4MQG,, + Q2 (m4 — 3m2) Dm — m (m — m)2pm

CL , 4 2. m [ (M, M,
- + S 12
pAR? (= m)"pm 27rpAR/O ( 06 " 00 )‘mmed& (12)

Suppose identical piezoelectric patch actuators having length | = 2RA6 are positioned at angular loca-
tions 04,04, ..., 04. The case of two actuator/sensor pairs is shown in Fig. 1. The effect of the patch with
excitation voltage u,(t) can be modelled by a uniform moment distribution over the length of the patch:

(13)

(6.1) S Kaun (), 04— A0 <0 <02+ A0
’ 0, otherwise

where K4 is an electro-mechanical coupling coefficient that takes account of the finite width of the patch.
Substituting Eq. (13) in Eq. (11) and (12) gives

(m? + 1) Gy — AMQpr, + X*m? (m? = 3) g + %24 (m" = m)” g
* % (m* = m)” G = (m? +1) by Y cosmbun  (14)
EI
(m?* + 1) B + 4mQin + Q2m? (m? — 3) pyn + JART (m" = m)" i
pi%& (m* —m)” p = (m® +1) by D_sinméu,  (15)

4



where

~ KasinmAf m (1—m?)
T mpA T (m2+1)

The inclusion of piezo patch elements for strain sensing is also considered for feedback control purposes.
For a small patch attached to the surface of the cylinder, measurements of localized bending strain will be

obtained, as given by
d (v 0%
=5 (0) = 5 <ae + aa) (16)

where d is wall thickness. Therefore, the output voltage for sensor p located at 6 = 95 may be expressed

bm

Ked M
yp = Kses (05) = 2;2 (1 — m2) (pm sinmﬁps + @m cosmﬁg) (17)

m=1

where Kg is an electro-mechanical coupling coefficient. Note that the mass and stiffness contribution from
the patches is considered negligible in this model.

Defining the vector of state variables as x., (t) = [ Pm  Gm  Pm  Gm ]T, the state evolution equations
for each mode-pair (value of m) have the form

where
0 0 1 0
0 0 0 1
Am(§2) = —w2 — O2%d,, 0 20w —Qgm (19)
0 —w?, - Q%d,, Qgm —2CmWm
with constant coefficients
2.1 EI, 2(m?-3 4
wm:m(m ) m:m(m )7gm: m ,Cm=Cwm

m2 + 1 pARY’ m2+1 m2+1 2F

For the case of a single actuator located at § = 67 = 0,

0

0
sin mé;
cos mft

B = b, = by (20)

_ o o o

The model Eq. (18) predicts the splitting of natural frequencies for forward and backward wave solutions
that occurs for non-zero rotational speed. The two natural frequencies can be found from the eigenvalues of
A, and, for (,, =0, are given by

2
wit = i—g’gg + \/wEn +dm Q2 + (9”2‘9> (21)

Note that, for rotating frame observations, it is the lower frequency that corresponds to the forward travelling
wave [17].

A complete multi-input-multi-output system model, retaining a finite number of modes, can be con-
structed in the form

A0 - 0 B4
0 A, 0 By

T = . ) T+ ) U (22)
0 0 Ay By

y = [C1 Oy Cyu |z



where A,,,Bp,,Cy, are defined according to the preceding equations.

It can be seen that, for the case of a single actuator (Eq. (20)), the control input does not couple with
pm when © = 0 and so this state is uncontrollable. For effective control to be achieved over a range of
rotational speeds, at least two actuators and sensors are required. The use of collocated actuator/sensor
pairs allows model-free passivity-based control schemes to be employed. Therefore, the results in this paper
focus on the key case of two collocated transducer pairs having arbitrary angular separation ¢, for which

0 0
B 0 0  Kd ) 1 0 00
B = b 0 sinmg |7 ™ 2R2 (1 —m?) sinm¢ cosm¢ 0 0 |~ (23)
1 cosmeo

The transfer function for a collocated actuator/sensor pair, as calculated from this model, is shown in
Fig. 2. The model parameters where chosen to match the experimental system having the properties given
in Table 1. The splitting of natural frequencies due to rotation effects is clearly evident for a rotational
frequency of 13 Hz (81.7 rad/s). This splitting of natural frequencies leads to observations of amplitude
beating in the free response [1].

Table 1: Properties of experimental system: rotating steel cylinder

’ parameter symbol value ‘ units ‘
cylinder radius r 111 mim
wall thickness d 3.1 mm
material density P 7740 kg/m3
Young’s modulus E 2.07 x 10 | N/m?
actuator patch length l 50 mm
actuator patch width w 30 mm
cylinder axial length 51 mm
1025 T T T T 3
— — — Q=0Hz
10° 0=13Hz
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Figure 2: Frequency reponse function for theoretical model with properties given in Table 1 for rotational frequencies of 0 and
13 Hz.



3. Actuator/sensor placement optimization subject to rotation effects

3.1. Rotational-speed-dependent controllability

To assess the effectiveness of actuator deployment, many previous studies have considered evaluations of
the controllability Gramian that arises in the state-transition problem for a linear system [5, 21, 22]. For a
dynamic system defined by & = Az + Bu, the state trajectory is given by

¢
x (t) = etag + et / e AT Bu (1) dr (24)
0

where initial state values are x(0) = zo. For given final state values z(t;) = z, the minimum-energy
control action that achieves state transfer is u*(t) = —BT A" (=D (tf)f1 (eAMrzg — xy) where W(t) =

fot eA"BBT A" 7 dr is the controllability Gramian [23]. The minimized cost (control input energy) is

T (t) = / T ey () dr = (A — )W (1) (A ) (25)
0
For the limiting case of infinite time, W, = lim;, o, W (t) satisfies the Lyapunov equation
AW, + W.AT + BBT =0 (26)
and the minimized cost is J. = 2 W 'z

This approach may be applied to Eq. (18). With a scaling of state variables according to Z,, =
[©OmPm s @mGms Dms Gm)], Where O, = /w2, + Q2d,,, the solution of Eq. (26) can be obtained algebraically as

Wm0
we=| "] (27)
where )
b2 1 ( ngUQ ) _ gm(i)
Wi, = m Pl ey (28)
4mem <(2<g'::3n> + 1) B 4<::“~"m 8 ((mﬁnwnL> + 1

Figure 3 shows a plot of the singular values (SVs) of W, for the pair of modes with m = 2, for various
values of (,,,. It can be easily verified from Eq. (28) that, for no rotation (£2 = 0), one singular value is zero
(i.e. one mode is uncontrollable), while the other matches the previously published result for a single mode

2
the limit 2 — oo, the two modes have equal controllability (o7 2(W,,) — gcfnﬁ) The practical implication
is that, without rotation, more than one actuator is required to achieve full controllability. However, one
actuator may suffice for high-speed rotation. This somewhat surprising property is due to the changing
character of vibration, from standing waves when stationary to travelling-waves when rotating.

It is clear from Eq. (28) that the Coriolis term g,,{2 and initial damping level (,, play an important
combined role in the rotational-speed-dependent controllability. However, there are two potential flaws
with employing a controllability metric based on some measure/norm of W, in the actuator placement
optimization problem. Firstly, the controllability measure is higher when (,, is smaller. This implies
that modes with lower damping would be considered ‘more controllable’ and, hence, would have a lower
weighting in the multi-mode optimization problem. In practice, modes with lower damping should be
given more weighting than those which are already well damped. A further issue is that the change in
controllability with rotational speed is dependent on (,,. It can be seen from Eq. (28) that the transition
from uncontrollable to uniform controllability with increasing speed occurs more quickly for lower damping
than for higher damping (and, for zero damping, would be instantaneous). These somewhat unsatisfactory
results relate largely to the conventional definition of controllability.

7

system oo = [21]. However, as the speed of rotation increases, the two singular values converge and, in
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Figure 3: Singular values of controllability Gramian Wy, from Eq. (28) for m = 2 mode with various damping levels:

3.2. Time-weighted controllability metric for active damping problem

For active vibration control, the broad aim is to maximize damping (energy dissipation) for the vibratory
modes of a structure subject to the available actuation capacity/energy. As an optimization problem, it is
appropriate to consider the control effort required to achieve convergence of the state variables to zero for
a given set of initial conditions. However, for the standard controllability problem with solution given by
Eq. (25), if 25 is zero then the optimized cost J*(ts) = aleA W (t;) " erag tends to zero as ty — oo.
Moreover, the solution for u*(¢) is zero for the infinite-time case. To overcome this issue, a modified cost
with a time-dependent exponential weighting may be considered:

J(t) = /O 2T (7)u (r) dr (29)

where «y is a positive scalar that is selected to match the target convergence rate for actively damped free
vibration. Defining the time-weighted control input @(t) = e"u(t), the state evolution Eq. (24) may be
expressed

t
z(t) = eMag + e / e=A=D7 Bi (1) dr, (30)
0
The minimized cost is

J* () = / @ ()@ (r) dr = DW (t5) " o, (31)

where W (tf) = fotf e(—T=A7 BBT (-71=A")7 41 i the time-weighted controllability Gramian. In the limit
ty — oo, the solution may be obtained as a real positive definite solution to

(=T — AW, + W, (—I — AT) + BBT =, (32)

Existence of the solution requires that all modes are controllable and that the eigenvalues A; = eig(A) satisfy
Re(>\l) > =y V1.
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Figure 4: Mode shapes for pairs of degenerate modes with wave numbers m = 1,2,3,4. Line colour indicates controllability
for actuator location 1 based on standing mode assumptions, as appropriate for zero rotational speed.

3.3. Actuator/sensor placement optimization

Inclusion of the exponential weighting in Eq. (25) ensures that the optimal solution @* (t) converges
to zero as t tend to infinity and therefore u* (t) = —BTe(=271=Dt¥/ (1)~ 1z is well-defined and non-zero
even when ¢ty — oo. For a solution to exist, the target convergence rate v must be selected higher than the
convergence rate of the uncontrolled modes: v > (pwy,. Modes for which the damping level is much lower
than the target value will lead to small singular values of W,, while modes that already have damping levels
close to the target value will give large singular values.

For multi-mode cases, the following controllablity metric may be adopted as a cost function for the
placement optimization:

P. = \/trace (AWC_1A> (33)

Here, W, is the time-weighted controllability Gramian and A is a diagonal weighting matrix having the form

0114x4 0 0
A= . . (34)
0 0 Onrdaxa

where the scalar weights ¢, may be set to zero for neglected modes and unity for targeted modes. The
controllability metric P, is an indicator of the minimum input signal energy that is required to drive the
system to rest, averaged over all possible initial excitations of the targeted modes (i.e. over all initial state
values for which ||z¢]l2 = 1). For a system with two actuator pairs, the metric P, may be treated as a
function of the separation angle ¢ and the rotational speed €:

For a given fixed rotational speed €,, the optimization problem may be defined as

Minimize g (¢, ,) over ¢ € (0,7). (36)
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Figure 5: Singular values of time-weighted controllability Gramian for cases with (a) one actuator and (b) two actuators with
separation ¢ = 45°.

In practice, the rotational speed is likely to vary according to the system operation. Considering a finite
range of rotational frequencies within the interval (a,b), the problem of maximizing the controllability for
the worst-case operating speed may be defined by the following mini-max optimization problem:

Minimize max g (¢,Q) over ¢ € (0, ) (37)
Qe(a,b)

So far, the issue of sensor placement has not been addressed. In general, the problem of sensor placement
optimization based on observability analysis is separable from that of actuator placement [22]. However,
under the restriction of actuator-sensor collocation, which is advantageous in admitting simple passivity-
based control laws to be used, the problem must be dealt with in an integrated manner. By transforming the
model in Eq. (22) to a balanced realization using the standard state transformations [23], the controllability
and observability Gramians can be made equal. In this way, the actuator and sensor placement problems
become equivalent and a minimization of the cost function in Eq. (33) provides an optimal solution for the
case of collocated actuator-sensor pairs.

3.4. Numerical results

Without rotation, the cross-coupling terms in A,, due to Coriolis effects (+€g,,) become zero and so
the modal state variables p,,(¢) and g,,(t) are dynamically uncoupled. In this case, for each circumferential
wavenumber m, there are a pair of degenerate modes having equal natural frequency w,,. These modes
involve standing waves with mode shapes differing by a rotation of one quarter of a wavelength, as shown
in Fig. 4 for m = 1,...,4. The modes with m = 1 correspond to rigid body translation. These do not
couple with the piezo patch actuation or sensing. For the flexural modes (m > 1), only one of each pair of
degenerate modes will couple with a single actuator. The line colors in Fig. 4 indicate which of the modes
can be excited/controlled by an actuator at location 1.

If both degenerate modes are to be controlled at low or zero rotational speeds then, clearly, at least two
actuators are required. For a pair of actuators with separation of ¢ = 45° (as shown by locations 1 and 3
in Fig. 4) an optimal coupling with the m = 2 mode-pair is achieved because the bending for each mode
shape is maximum at locations 1 and 3. Coupling is also achieved for both modes with m = 3. However,
for the mode-pair with m = 4, the location of actuator 3 is effectively equivalent to that of actuator 1 and
so controllability of both degenerate modes cannot be attained in the non-rotating case. These observations
are supported by the analysis of the time-weighted controllability Gramian W,, as defined by Eq. (32). The
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Figure 6: Variation in optimal separation of two actuator/sensor pairs with rotational speed. All cases are for targeted modes
m = 2,3,4 with different initial modal damping levels (see table 2)

singular values of W, with v = 105~ are shown in Fig. 5 for the six modes with m = 2,3, 4. These results
were obtained using parameter values based on the experimental system (Table 1). For the case of a single
actuator, it can be seen that three of the six singular values are zero when Q = 0 (Fig. 5a). For the case of
two actuators with ¢ = 45°, only one singular value (corresponding to m = 4) is zero when 2 = 0 (Fig. 5b).

For a single mode-pair, the optimal separation of two actuators is given by ¢ satisfying sinm¢ = +1 (see
Eq. (23)). Conversely, a mode-pair is uncontrollable (without rotation) if sin m¢ = 0. Accordingly, the best
and worst separation angles for the single-mode actuation problem are

1+42n
¢best =

X 9007 ¢worst = ﬁ X 18()O, n = 0,1,m.
m

So it can be seen that, the best actuator separations for controlling each mode pair m = 2,3,4, are ¢ =
45°,30°,22.5°, respectively.

Based on Fig. 4, it may be expected that positioning a second actuator at location 2 instead of location
3 would provide coupling with the full set of modes with m = 2,3,4. However, to find an optimum solution
that accounts for both rotation effects and the initial damping levels of the modes, a numerical optimization
based on Eq. (36) must be undertaken. Four test cases were considered involving the same target modes,
but with different initial levels of damping, as shown in Table 2. For case 1, with equal damping ratios
C1,2,3 = 0.0001, the optimal solution for the separation of two actuators with no rotation is gzp:to = 31.8°.
For case 2, which involves increased damping for m = 2 modes, the optimal solution is weighted towards
the other two mode-pairs and decreases to ?p:to = 26.1°. For case 3, the damping values result in reduced
weighting of the m = 4 mode and so the optimal separation increases to qﬁ?p:to = 33.7°. The variation in the
optimal solution ¢,,; with rotational speed is shown in Fig. 6. These results confirm that the controllability
metric defined in Eq. (33) has suitable properties for capturing the influence of rotational speed and initial
damping for multi-mode optimization problems.

As the optimal separation ¢,,; changes significantly with rotational speed, to obtain a unique (and
therefore practical) solution for the actuator placement problem, a finite range of rotational speeds ) €
(0,100) rad/s was considered within the mini-max optimization problem defined by Eq. (37). The objective
function involves a two-dimensional surface g (¢,{2) which was evaluated at discrete points within ¢, €
(0,7) x (0,100) in order to solve by a direct search method. The optimization results for the test cases are
shown in the bottom row of Table 2. Curves for the controllablilty metric for the experimental system with
Q € (0,100) are shown in Fig. 7. It can be seen that the optimal values for ¢ (indicated by the vertical

11



2000
1800
1600
Q=10
., 1400
o
o
£ 1200
@
IS
2 1000 =15
=
<
S 800 10=20
o
S
600 Q=30
Q=100
400 ]
200 .
0 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180

separation angle ¢ (deg)
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arrows) are very close to the optimal values for zero-speed. This is because the worst-case controllability
is found to arise when the rotational frequency is close to zero, irrespective of the actuator locations. This
behaviour is seen for all the test cases in Table 2 and implies that optimizing the actuator placement for the
zero-speed case can give a near-optimal solution for any finite range of speeds that includes zero.

Table 2: Test cases for placement optimization of two actuator/sensor pairs for target modes m = 2,3, 4. The four cases involve
differing levels of initial modal damping.

‘ Experimental system Test case 1 ‘ Test case 2 ‘ Test case 3
Index Cm Cm Cm Cm
m =2 0.003 0.0001 0.01 0.0001
Modal damping m =3 0.0009 0.0001 0.0001 0.0001
m=4 0.0004 0.0001 0.0001 0.001
Optimization for Q = 0 rad/s qbf}p:to 31.8°,148.2° 32.2°,147.8 26.1°,153.9° 33.7°,146.3°
Optimization for € (0,100) rad/s | ¢og "' 31.9°,148.1° 32.0°,148.0° | 26.2°,153.8° | 33.8°,146.2°

4. Experiments

4.1. System description

The main components of the experimental system are shown in Fig. 8 The system comprises a thin-
walled cylinder with radius r = 222 mm, wall thickness d = 3.1 mm and axial length of 51 mm. The
cylinder was machined from stainless steel (grade 420J2) and has the mechanical properties listed in Table
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Figure 8: Test system: Schematic (Right); Photograph (Left); Photograph without silicone rubber tube (Bottom). Main
components are 1, motor; 2, rigid shaft; 3, steel cylinder; 4-6, piezo patch actuator/sensor pairs; 7, soft silicone rubber
connecting tube; 8, mechanical hub; 9, electric wires; 10, slip ring; 11, circular disk; 12, foam rubber strip.

1. The cylinder was coupled to a circular disk with rigid shaft driven by a brushless d.c. motor. The
method of supporting the cylinder includes a soft silicone rubber tube and four foam rubber straps (90°
separation). These were attached to the outside of the cylinder and circular disk with adhesive. The space
between the cylinder and the circular disc was 4 mm. This architecture was designed to minimize the
external constraints on the radial dynamics of the cylinder. Three piezoelectric patch actuators of the type
P-876A15 from Physik Instrumente were bonded to the outside surface of the cylinder at angular positions
0 = 0°, 31.8° and 45° . Three piezoelectric sensors (PI P-876SP1) were attached to the inside surface of the
cylinder, concentric with the actuators. The electric wires for the actuators and sensors were connected to
the rotating system through slip-rings. The data acquisition, analysis and feedback control algorithms were
implemented digitally with PC-based hardware. The sampling frequency was set to 8000 Hz for all tests. A
schematic of the control system structure is shown in Fig. 9.

4.2. Control implementation

The decentralized controller implementation involved up to three separate control loops for each collo-
cated actuator/sensor pair. Active damping control was implemented in the form of a synthetic proof-mass-
damper (PMD) control law with parameters tuned to provide effective damping for each resonance seen in
the system FRF. Hence, each collocated actuator/sensor pair was controlled with feedback based on the
following continuous-time transfer function:

K,,s

F,, (s) = = 38
m(5) 52 4+ 2 @ms + @2, (38)

The natural frequency @, and damping ratio &n of each PMD was tuned to match the anti-resonance seen
in the system FRF (which occurs above each resonance frequency of the cylinder). In this way, the control
loop provides increased phase advance and gain close to the resonance frequency. The fast gain roll-off above
@m helps to avoid destabilization of higher frequency modes that are not targeted in the design. As the
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Figure 9: Schematic showing patch locations and control system structure for experimental system.

frequencies for resonance and anti-resonance vary with rotational speed of the cylinder, the transfer function
parameters were tuned to match specific values of 2. Controller tunings are summarized in Table 3 for
rotational frequencies of 0, 3 and 13 Hz (or 0, 18.8, 81.7 rad/s). The PMD parameters were determined
using the open-loop frequency response measurements, as shown in Fig. 10, while the gain values K,,, were

tuned empirically.
For implementation, a discrete-time equivalent was calculated based on a direct pole-zero mapping:

z—1 z+1
Ts 22— 2Re (o) 2 + |am|”

O (2) = Ko, (39)

where oy, is the complex-valued z-plane pole given by a,, = 97>, with G = —Cn@m +jOm1/1 — ¢2,, and
T is the sampling period. The overall control law for each control loop is then obtained as a summation of
Cpn(z) for all targeted modes. Thus, each control loop is defined in the z-domain by U, (z) = G4(2)Yn(2)

where
z4+1

(am) 2z + |O‘m|2

z—1
Ga(z) = T ZKm.22—2Re

(40)

4.3. Experimental results

Figure 10 shows the measured frequency response using actuator/sensor pair 1 for cases without control
and with control via a single PMD control loop. The subplots show cases without rotation and with rotation

Table 3: System dynamic properties and coeflicients of control law.

System modes 2 = 0 | PMD tuning Q2 =0 PMD transfer function gains K,
Modes | wm (Hz) [ ¢m om (H2) | Cm Q=0Hz | Q=3Hz | Q=13 Hz
m = 2 161 0.003 171 0.01 0.0176 0.0178 0.0193
m = 442 0.009 470 0.01 0.0263 0.0263 0.0265
m =4 846 0.0004 899 0.01 0.0932 0.0930 0.0937
m =25 1376 0.0002 - - - - -
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Figure 10: Frequency response measurements with single PMD feedback control loop: Control and excitation applied through
transducer pair 1.

at a frequency of 13 Hz. With closed loop control, increased damping is evident for all the modes excited
through actuator 1, both with and without rotation. It should be recognised, however, that the complete
situation with regard to modal damping levels is not revealed by these single-input single-output test results.

Figure 11 shows the frequency response data for the same case, where control is applied using actu-
ator/sensor pair 1, but with excitation and measurement using pair 3. In the non-rotating case, large
resonances are seen, caused by the modes that are not controlled effectively by actuator 1 (i.e. for the
m = 2 and m = 3 modes). However, with rotation, effective damping of each mode-pair is achieved and
the resonances are significantly reduced. For the m = 4 modes, no resonance is seen, either with or without
rotation. This result is consistent with the theoretical prediction that, in the non-rotating case, there is
one m = 4 mode that is uncontrollable by actuator 1. However, this mode is also unexcitable by actuator
3 because the separation of the two actuators is ¢ = 45°. Consequently, low damping of the uncontrolled
mode is not exposed by the test data.

Figure 12 shows transient response measurements for excitation with a half sine impulse of 5 ms duration.
The PMD control loops were applied for three different cases:

1. Without control.
2. With one PMD control loop via actuator/sensor pair 1.
3. With two PMD control loops via actuator/sensor pairs 1 and 3 (having 45° separation).

All cases were examined for three rotation speeds of 0, 3 and 13 Hz (0, 18.8, 81.7 rad/s). Note that, for
the results in Fig. 12, the m = 2 modes dominate the vibration response. The beating vibration due to the
differing natural frequencies of the mode-pair can be clearly observed for high speed rotation. Qualitatively,
these results can be directly related to the theoretical evaluations. The use of one actuator is sufficient to
dampen the vibration at a high rotation speed (13 Hz). However, at a low rotational speed (3 Hz) or without
rotation (0 Hz), the results with only one actuator are similar to the cases without control as the damping
of the weakly controllable modes is unchanged.
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Figure 11: Frequency response with single PMD control loop applied using transducer pair 1 and with excitation/measurement
through pair 3.

Frequency response measurements for the case of two PMD control loops with patch angular separation
of ¢ = 45° (pairs 1 and 3) are shown in Fig. 13. Without rotation, the controller achieves effective damping
of the m = 2 modes only. However, with rotation, improved damping of all three mode pairs is achieved.
These results are consistent with the theoretical analyses of speed-dependent controllability, and with the
transient response measurements in Fig. 12.

To achieve effective damping of all three mode pairs (m = 2,3,4), the PMD control loops were imple-
mented via the actuator/sensor pairs 1 and 2 having angular separation of ¢ = 31.8°. According to the
controllability optimization results, this should provide effective coupling with the complete set of modes
m = 2,3,4. Figure 14 shows the frequency response measurements where excitation is through pair 3.
Significantly higher damping ratios are achieved for the m = 3 and m = 4 mode-pairs compared with the
case ¢ = 45°, and the reduction of the resonance peaks is similar for all three mode-pairs. Also, effective
damping control is achieved over the full range of rotational speeds. These results confirm the suitability of
the time-weighted controllability metric as an objective function within the actuator placement optimization
problem.
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Figure 12: Time response plots for half-sine impulse excitation: PMD control loops applied using transducer pair 1 and pair 3
(45° separation) with excitation through pair 2.
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Figure 14: Results of applying two PMD control loops with optimal separation of 31.8° (pairs 1 and 2) with excitation through
transducer pair 3.
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5. Conclusions

In this paper, the optimal placement of piezoelectric actuators for suppressing elastic vibration of a
thin rotating ring has been investigated. A theoretical model for flexural dynamics involving bending and
extension in the plane of a rotation was adopted and a time-weighted controllability metric used to calculate
the optimal locations of actuators for a given set of targeted modes and range of rotational speeds. The
proposed metric takes account of speed-dependent Coriolis effects and also the initial damping level of
targeted modes. In addition to the mode shapes, these are found to be key factors in determining the
optimal location for actuator placement. For the case of a rotating cylinder, only one actuator is required to
achieve active damping of vibration modes involving circumferential traveling waves. However, for systems
that operate over a range of rotational speeds, at least two actuators are required to achieve effective control
of any given set of vibration modes at low or zero rotational speed.

An experimental validation was undertaken involving a thin steel cylinder, where decentralized feedback
controllers were implemented using a synthetic proof-mass-damper control law. The results demonstrated
that the use of two actuator/sensor pairs was sufficient to achieve significant increases in damping for
the six lowest frequency vibration modes over the designated range of operating speeds, but only if the
actuator placement was consistent with the described optimization criteria. The results also confirm the
suitability of the theoretical models and quantitative analysis of speed-dependent control influence for the
actuator/sensor placement problem. The results have important implications and may be extended for cases
with more complex thin-walled rotating structures, where the impact of rotation effects on controllability
should be accounted for in the design of active vibration control strategies.
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