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Influence of Blade Flexibility on the Dynamic Response
Simulation of a Turbomolecular Pump
on Magnetic Bearings
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Fabrice Thouverez
Laboratoire de Tribologie et Dynamique des Systémes, UMR-CNRS 5513, Ecole Centrale de Lyon, Ecully 74320, France

This paper proposes the simulation of a complete mechanical model of a turbomolecular pump rotor, including rotor and blades
flexibility, suspended by controlled active mag-netic bearings. The mechanical model is composed of an eight stage blisk, attached to a
shaft. Magnetic forces are linearized by the first-order Taylor expansion around a given point. Including blades and rotor flexibility
makes the mechanical system asymmetric, so the equations of motion for the coupled system have periodic terms. A modal controller
was designed to control rigid body modes, since the number of sensors is limited and no state observer is implemented. PID controllers
are used for low frequency modes com-bined with the second order filters to damp high frequency modes. First of all, stability analysis
was carried out for the axisymmetric case. Second, blades flexibility was included. Forced response of the whole system to an
impulsive force was studied. Diver-gent responses for the system in rotation were obtained as a second order filter pole pos-sibly
interacting with blades modes. Taking the second order filters off the control loop allowed the system to be stable. These results show
that the analysis method developed here is efficient to evaluate the performance of a controller in closed loop with the com-plete
flexible system. This method may be used in industrial design processes as computa-tion times for the complete system are very short.

Introduction

Turbomolecular pumps generate high levels of vacuum via par-
ticle collision principle: blades rotating at high speed transfers
velocity component to the molecule pushing it out the vacuum
chamber. Such pumps are composed of a multistage blisk,
attached to a rotating shaft, supported by active magnetic bearings
(AMB). The advantages of this kind of bearings are their high reli-
ability, contamination free operation as no lubrication is needed,
and low levels of vibration at very high rotation speeds [1,2].

Since magnetic forces are inversely proportional to the square
of the distance between shaft and bearings, AMB realizations are
naturally unstable. Furthermore, the relation between current and
magnetic forces is nonlinear [3]. For those reasons, AMB support-
ing turbomolecular pumps are actively controlled. Additionally,
these controllers can be used to damp pump vibrations.

Dynamic response of rotors suspended by actively controlled
AMB has been studied by many researchers, the majority of them
aiming to design a control strategy or to evaluate its performance.
Most of the models used to simulate rotor structural dynamics can
be divided in two levels of complexity: those who consider rotor
as a rigid body and develop their control law based only on this
phenomenology and those who take into account the flexibility of
the shaft (see Refs. [3-8]). Very few works simulate rotating
blades flexibility in a system coupled with a controller acting in
the stationary frame, like magnetic bearings. The difficulties that
arise from this approach are due to the fact that since the rotor is
no longer axisymmetric, its equations of motion in the stationary
frame, where control forces actuate, are time periodic [9].

In a previous work [10], the authors have presented experimen-
tal data of a functioning pump which demonstrates that blades
dynamics may be a significant factor in controlled closed-loop
analysis. At some operating conditions, blades response has

significant amplitude, indicating that they are excited by the con-
troller. Such interaction may be of great interest for manufac-
turers, as it can reduce the machine’s lifetime or lead to
unpredicted structural failures.

The investigation of Christensen and Santos [11] is one exam-
ple of studies of rotating flexible bladed rotor supported by
actively controlled bearings. In this encouraging work, controller
is designed considering a rigid rotor on actively controlled linear
bearings. To the rotor is attached a flexible bladed disk. Only pla-
nar motions are considered (gyroscopy is neglected). Control
design was carried out using a periodic modal transformation ini-
tially proposed by Ref. [12]. In this respect, some works propose
methods for the stability analysis of linear time periodic variant
systems based on periodic modal analysis, like [13]. Terms such
as “pseudo-modes” and “pseudo-natural frequencies” are intro-
duced [14].

It has to be noted that such methods are not yet applied to
sophisticated multistage rotor-blisk systems such as turbomolecu-
lar pumps. Hence, for industrial applications, one may prefer con-
trol design methods that consider only shaft dynamics.
Nevertheless, simulating the response of the complete system is
time and money saving, as it allows to assess the interaction
between rotating mechanical parts (including blades flexible
motion) and controller before manufacturing and tests.

In this context, the aim of this work is to propose the forced
response simulation of the complete turbomolecular pump rotor,
including blades flexibility, coupled with a controller that has
been proven to stabilize the axisymmetric system. Such simula-
tions are able to describe the closed-loop full system behavior,
allowing the interactions between the control law and all the struc-
tural components to be studied.

The implemented control law is designed based on a rigid body
model of the pump. A modal controller including rigid body
modes is proposed. With the above simulations, one can evaluate
the effects of a rigid body-based controller on the rotor and blades
flexibility. This avoids the implementation of sophisticated meth-
ods for periodic time-dependent systems stability analysis.



This paper is organized as follows: first, the mechanical part of
the rotor and positioning of sensor and actuators are described and
the equations of motions derived in a previous work are recalled.
Then, magnetic forces linearized equations are derived as a func-
tion of rotor displacements and control currents. Coupling of mag-
netic forces and mechanical equations of motion is proposed in
the section Coupling of the Mechanical System and Magnetic
Bearings. Thereafter, the control law used to stabilize the axisym-
metric system is described and the stability analysis results for the
rotating system are presented. Finally, forced response to an
impulse excitation of the complete flexible bladed rotating system
is presented and the results are discussed.

Description of the Rotor’s Model

The model that describes the pump’s dynamic behavior is pre-
sented in Fig. 1. It is composed of a flexible shaft on which a
bladed disk is attached with a flexible element (k,,). The disk is
considered rigid and axisymmetric, only its mass and moments of
inertia are included in the model. Eight stages of flexible blades
are attached to the disk. At last, another rigid axisymmetric disk is
considered to represent the axial bearing, which is used to levitate
the pump when it is setup in the vertical position.

The equations of motion are developed in Ref. [10] in the rotat-
ing frame, based on the works of Refs. [15-17]. The phenomenol-
ogy of flexible parts is described by rotating Euler—Bernoulli
beams, their continuous displacements are approximated by Ritz
functions, and Rayleigh—Ritz method is used for calculating natu-
ral frequencies and mode shapes.

The equations of motion for the complete structure are written
in Eq. (1). M, D, K, G(Q), N(Q?), and Ky(Q?) are the mass,
structural damping, structural stiffness, gyroscopic, spin softening,
and spin stiffening matrices, respectively,

Mj+ (D +G(Q)g + (K+ K@) +NQ))g=Ff (1)

By introducing blades dynamics to the model, the system becomes
asymmetric. This is the reason why Eq. (1) is written in the

rotating frame R to avoid time-dependent periodic terms in struc-
tural matrices [18]. On the other side, magnetic bearings are
described in the stationary frame, as shown in the section Mag-
netic Forces. As the control forces are not assumed to be the same
on both xz and yz planes, their projection on rotating frame would
result in time periodic terms. This problem is treated further in
this article as well as the description of how it is included in the
control loop.

Magnetic Forces. Magnetic bearings dynamics are introduced
to the mechanical model as excitation forces in Eq. (1). Their
model is developed from the concepts of magnetic circuits and
Lorentz forces [3]. Figure 2 shows a schematic description of such
circuits. The magnetic flux @ that passes by the rotor and stator
through a cross section A,, generates the magnetic force Fig,.
This flux is induced by electric current / passing by » turns of a
solenoid. The expression of Fyy, is given by

Fongg = 44,n* 22
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where /,, is the mean magnetic flux path length through metallic
part, uo, i, and , are the magnetic permeability at vacuum, air,
and the magnetic circuit material, respectively. r is the distance
between stator and rotor in its displaced position. For further
details, see Ref. [19].

Eguation (2) shows the magnetic force nonlinear dependence
on /~ and I>. Besides, magnetic forces present a saturation point
due to magnets physical properties. Furthermore, Fp,,, and r have
the same sign, which make the magnetic bearings unstable. In our
study, the magnetic forces are linearized around an operating
point by a first-order Taylor expansion of F,,. For that, two vari-
ables’ transformations are performed
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Model description: mechanical parts and magnetic bearings positioning
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Fig.2 Magnetic circuit

where e is the initial distance from rotor to bearing, x* is the dis-
placement of the rotor in the stationary frame,' i, is the bias cur-
rent, and i the control current.

This leads to magnetic forces linearized expression

Frae = =Ko X" + K;i 3)

The expression (3) is valid for one direction of one actuator. The
rotor is equipped with two sensors and actuators on each xz and yz
plane. The integration of these four forces to the mechanical sys-
tem is proposed in the section Coupling of the Mechanical System
and Magnetic Bearings.

Coupling of the Mechanical System and Magnetic Bearings.
As described in Fig. 1, two magnetic bearings are mounted on the
shaft, defining two control planes (identified by A and B). For
each plane, displacement sensors in the x* and y* directions are
mounted. The forces delivered by the magnetic bearings are noted

T
as Fi = {f;\7 Ia Jas fgv} , and the displacements meas-

*

T
ured by the sensors are noted as x; = {X;,, X[, Yi, Vi } -
As sensors and actuators are not colocalized, displacements of the
shaft at sensors and actuators positions are not the same, and for

T
the latter, they are noted as x, = {x; " X;R, y[’;A, y;B } . The
expression of the magnetic forces vector is then

F: = —K; x; +K,i, 4)
where
K, = diag([ky,, ks, , kg, kg,])
and

Ki = diag([kim kim kim ki D

The integration of the expression (4) into the equations of motion
(1) needs two major adaptations: (1) forces must be projected on
the rotating frame and (2) physical displacements must be written

in Rayleigh—-Ritz basis. Projection from stationary to rotating

! Also valid for y*.

frame is made by means of R(Qr) matrix (see Eq. (Al) in the
Appendix A)

F,=R(Q)F: (5)
x, = R() x, (6)

The relations between physical and generalized coordinates are
given by (matrices ®, and ®,, are described in the Appendix)

x; = 0;q @)
x,=0,q (8)

Generalized forces are the result of the derivative of the work
with respect to the generalized coordinates [20]. The work of the
magnetic forces is defined in the stationary frame as

SWr, = 6(x)'F, ©)

Combining Egs. (4), (8), and (9) and considering that
R(Q)KRT(Qr) = K|, the work expression in terms of displace-
ments described in the rotating frame is obtained

Wi, = —¢'©)K,0,q + ¢' O/ R" (Q)Ki, (10
The expression of the generalized magnetic forces described in
the rotating frame is then

F, = —0]K.0,q + O R" (Q)Ki, (11)
Combining Eqgs. (11) and (1) leads to the expression of the electro-
mechanical system, written in a state-space form in Eq. (12). It is
clear from this equation that the dynamic characteristics of the
coupled system depend on the control current vector i,. To stabi-
lize the system and reach good dynamic performances, the control
law that defines i, is described in section Control Law

q] q
A +BKii,
q ] q
[ x, q
_ =0, (12)
B2 q
0 I

A=
_M71 (K + Kmag + Kstiff + N) _M71 (D + G)

with Kpnay = O K0,

0
B =
M 'O R" ()

The complete system has dimension 452, which is a very small
model compared to the phenomenology it is able to describe: the
overall dynamics of an eight stage flexible bladed rotor with gyro-
scopic effects, spin softening, blades centrifugal stiffening, and
the possibility of including a mistuning pattern, since all of the
blades are modeled. This point is very important in industrial
design processes, since small models need short computation time
to be simulated.

In this section, the equations of the electromechanical coupled
system were obtained in state-space form, defining the mechanical



system behavior dependence on control currents. In the next sec-
tion, the control law used to define currents that stabilize the
coupled system is presented.

Control Law. The control loop strategy used for the simula-
tions is inspired from the work of Ref. [21] and is represented in
Fig. 3. It consists of decoupled modal controllers acting independ-
ently on each rigid body mode. These independent controllers are
composed of a proportional—integral-derivative (PID) set, as well
as the second order lag and lead-lag filters that damp the flexible
modes. Gyroscopic compensation is implemented in order to min-
imize variations in plant characteristics and guarantee controller
performance for the whole spin speed range.

In order to control independently the modes, displacements x;
are expanded on the modal basis, without the magnetic bearings.
The dimension of this modal basis defines the number of control-
lable modes and is limited by the number of sensors available
[22], unless a state observer is implemented. On the other side,
modal controller output must be projected to the physical basis, so
that AMB forces can be calculated. Such transformations are rep-
resented by T; and T, before and after the modal controller block
in Fig. 3.

To define the control law, system is considered axisymmetric:
blades flexibility is not taken into account, disk’s mass and
moment of inertia are increased to integrate blades’ influence. In
that way, the equations of the coupled system do not present time-
periodic terms in both stationary and rotating frames. Thus, stabil-
ity of the system can be assessed by traditional methods. To do so,
only structural matrices corresponding to shaft and disk are
included in Eq. (12), and projection to stationary frame is possible
thanks to Egs. (Cla)—(Cle), given in Appendix C. Once this con-
trol law has proven its performance and stability for the axisym-
metric system, it will be tested on the complete mechanical
model, including blades flexibility.

The obtained modal controller is composed of independent PID
controller combined with lag and lead-lag filters for each con-
trolled mode. PID parameters are tuned to define rigid body
modes frequency and damping. The second order filters are tuned
to damp flexible modes by shifting the phase at specific frequen-
cies. The following paragraphs focus on the stability analysis of
the obtained controller for the axisymmetric system.

Results for the Axisymmetric System

This section shows a first step of analysis before considering
the complete asymmetric model. The objective is to verify that
the closed-loop simulations are stable for the axisymmetric system
before the integration of blades flexibility, which increases con-
siderably the model’s complexity. For the axisymmetric system,
the control loop is slightly different from the one described in
Fig. 3: plant model is written in the stationary frame, as well as
the magnetic bearings forces, so blocks R(Qz) and R (Qr) are not
necessary. The control loop is implemented in MATLAB using tools
from the control system toolbox.

For the stability analysis, the closed-loop poles were calculated
for each spin speed (€2) and plotted in Figs. 4 and 5. For

Gyroscopic
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controller " =
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Stationary frame (Ru) Rotating frame (1)

Fig. 3 Control loop

confidentiality issues, all frequencies in paper are normalized by
an arbitrary value .

Stability Analysis and Influence of the Gyroscopic Compen-
sation. First of all, we focus on the impact of gyroscopic compen-
sation on the system. For that, simulations were done without this
control block. Figure 4 shows the closed-loop poles evolution for
this case. Rigid body modes’ frequencies are indicated by RB and
the shaft flexible modes by S. We notice the gyroscopic effects by
the split of the natural frequency evolution in two branches, repre-
senting the forward (ascending) and backward (descending) whirl-
ing modes. One of the rigid body modes interacts with a controller
pole at about 48% of nominal spin speed (£2,). Such interaction
creates an instability on the system that is observable in Fig. 4(b).
Indeed, at about 50% of Q,, a controller pole is located on the
right half of the complex plane. Such results illustrate the fact that
spin speed is likely to affect the efficiency of the controller, and
therefore, the closed-loop stability.

The results for the gyroscopic compensated case are shown in
Fig. 5. It can be noticed in Fig. 5(a) that controller poles are less
sensitive to spin speed. Rigid body modes remain almost constant
for all operating speeds. There is no interaction between rigid
body modes and controller poles. To prove stability, Fig. 5(b)
shows the closed-loop poles for all spin speeds located on the left
half of the complex plane. These results show that gyroscopic
compensation is effective to counteract the effects of spin speed
on the mechanical behavior of the rotor. Indeed, the natural fre-
quencies stay almost constant along spin speed allowing the con-
troller to be efficient for the whole operating range.

Comparisons between Figs. 4(a) and 5(a) reveal that the angle
between the two flexible shaft modes is considerably larger for the
gyroscopic compensated case, yet the expected results would be
the opposite. Such effect is a consequence of the modal basis size
used for the displacements projection. Since it is only composed
of rigid body modes, flexible modes are not controlled but are sub-
ject to the controller’s action: in this case, controllers increase
gyroscopic effects for shaft flexible modes.

With all of these results, the stability of the axisymmetric sys-
tem for the whole spin speed range is proven. We will now intro-
duce the blades flexibility and evaluate how the closed-loop
system performances may be affected.

Controlled Complete Model Simulation

In this section, the complete rotating model simulation is pre-
sented. The influence of blades flexibility on the closed-loop for
the rotating model is studied by the response of an impulsive force
applied by magnetic bearings. From these results, interaction
between the blades dynamics and the controller is shown.

Figure 6 presents the time results for () Q=0 and (b) 20% of
the nominal speed (Q,,). The plotted displacements correspond to
the ones measured by sensor A in the x direction, in the stationary
frame. For Q =0, time response shows a transient phase that is
very quickly damped and the rotor tends to its center position
(x5, = 0). However, the rotating system response is divergent,
which means that it is unstable for this spin speed. These results
do not agree with the stability analysis carried out with the axi-
symmetric system shown in Fig. 5, as all of the poles are on the
left half complex plane. This behavior indicates that an interaction
between the controller poles and the flexible blades modes occurs,
which destabilizes the system.

In paper [10], an equivalent flexible model was studied with lin-
ear bearings instead of AMB. Results of these analysis are repro-
duced in Fig. 7 in dotted lines. The axisymmetric system poles
evolution are plotted in full lines, as in Fig. 5(a). Comparison of
these two curves is focused on the region near the normalized fre-
quency of 0.4. There is a superposition of a controller pole, corre-
sponding to a second order filter, with the blade modes for all the
speed range. This indicates that there must be an interaction
between these two modes, in a similar way than the one observed
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in Fig. 4(a) between a controller pole and a rigid body mode.
Since stability analysis is not yet carried out for the complete sys-
tem in rotation, it is not possible to reproduce this interaction.
Thus, to sustain this hypothesis, a simulation of the complete
AMB suspended system in rotation is carried out, without the
second order filters.

Results of this simulation at 20% of the nominal speed are
shown in Fig. 8. The time response is no longer divergent
(Fig. 6(b)). The transient phase is very clear, and the rotor

converges to its center of rotation, though more oscillation is
observed than for Q=0. Figure 8(b) presents the frequency
domain response, normalized by the input force. The typical high-
level responses at low frequencies are present, and at higher
frequencies, the peaks corresponding to blades (identified by the
letter B) and shaft forward (S-FW) and backward (S-BW) modes
are highlighted.

Finally, a comparison between the closed-loop system with and
without the second order filters at Q=0 is shown in Fig. 9. In fre-
quency response (9b), pics corresponding to structural modes are
well defined: a high modal density region corresponding to blades
modes has been identified by letter B. The shaft mode was identi-
fied by the letter S. Responses without the second order filters
have higher amplitude than those with these controller elements,
specially at the frequencies near the blades’ natural frequencies.

These differences are also observed in time domain. In a global
view of Fig. 9(a), both curves are almost superposed. Indeed, the
high amplitude, low frequency response is not affected by the fil-
ter since its action is at higher frequencies only. Focusing on the
zoom shown in this figure, which includes a late transient phase
portion, the amplitudes for the case without the second order fil-
ters are greater than those for the case with the second order fil-
ters. This indicates that such controller elements are efficient on
damping high frequency response corresponding to flexible
modes. Since it does not act at low frequencies, frequency
response curves are almost identical in this region, as well as the
time response.

Those results show that blades flexibility is an important factor
to assess the stability of turbomolecular pumps on AMB. Indeed,
a controller that is stable and well damped for all the spin speed
range for the axisymmetric case may not present satisfactory
dynamic behavior for the flexible blades case: either instability is
present or time response is very oscillatory, indicating very small
damping for the case without the second order filters.
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In real applications, it is important to keep those filters. Besides
damping flexible modes, they limit the controller bandwidth,
avoiding excitation of high frequency modes that are not taken
into account in the controller design. It is then necessary to rede-
sign them in order to avoid the interactions mentioned in the pre-
vious paragraphs. To do so, time-periodic systems analysis could
be used, as linear time-invariant (LTI) control design theories
(classical, optimal, or robust control theories, for example) are not
sufficient to integrate blades flexibility analysis. Nevertheless, this
kind of analysis is not presented in this article as it is outside the
scope of our work.

Conclusions and Perspectives

This paper describes the simulations of a complete rotating
model on controlled active magnetic bearings including shaft and
blades flexibility. Response to an impulse excitation is studied.
The simulations involve frame changes within the control loop,
since magnetic bearings and mechanical parts are not modeled in
the same frame. The rotor equations of motion are derived in the
rotating frame in order to avoid time-periodic matrices due to
blades flexibility. Magnetic bearing forces are defined in the sta-
tionary frame, and their projection on the rotating frame is also
periodic time dependent.

The developed turbomolecular pump’s rotor model has small
dimensions, which allows very short calculations for the complete
system. In addition, results from simulations of this model on lin-
ear mechanical bearings have shown good correlation with experi-
mental data. Thanks to this, tackle the complete closed-loop
system behavior in the presence of a controller is straightforward.
In addition, it can be integrated to the controller design phase.
Anticipating the interactions between the controller and all the
rotor parts may help in the design to prevent instabilities.

The results at rest for the complete system have shown stable
behavior, and the frequency response reproduces fairly the pics
corresponding to structural modes. When the system is in rotation,
its response is divergent due to the interaction between blade
modes and one pole of the controller that would be responsible for
damping the shaft flexible modes. When this element of the con-
troller is taken out of the control loop, the response of the system
is very oscillatory, weakly damped.

Our simulations underline the impact of blades and shaft flexibility
on a classical stable controller (derived from the axisymmetric case).
Indeed, the loss of stability of such controller leads to the controller
design modifications in order to achieve acceptable performances.

Further work may extend the stability analysis studies for the
complete rotating system. To do so, it would be necessary to apply
linear time-periodic dependent systems stability analysis methods
[11-14]. Such analysis would be of great interest for the controller
design as all of the closed-loop poles placements would be
known.

In parallel, the presented model may be used for blade’s mistun-
ing analysis. As all of the blades are modeled, the introduction of
a mistuning pattern on it is straightforward. It would then be possi-
ble to examine its effects on the stability of the closed-loop system
and its influence on the controller’s interaction with the blades.
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Nomenclature

AMB = active magnetic bearing
D = global damping matrix (rotating frame)

f = generalized forces (rotating frame)
F, = magnetic forces vector
= magnetic force
G(Q) = global gyroscopic matrix (rotating frame)
i, = vector of control currents
K = global stiffness matrix (rotating frame)
K; = magnetic bearing electric stiffness matrix
K. = negative stiffness matrix in Rayleigh-Ritz basis
magnetic bearing negative stiffness matrix
M = mass matrix (rotating frame)
N©Q?) = spin softening matrix (rotating frame)
q = generalized coordinates (rotating frame)
R = rotating frame
R(Q¢) = rotation matrix
work of magnetic forces
= displacement of the rotors at magnetic bearings position
x, = displacement of the rotors at sensors positions
X;¢ = arbitrary normalization displacement. Used for all
graphical representations
®, = actuators transformation matrix from generalized to
physical coordinates
®, = sensors transformation matrix from generalized to physi-
cal coordinates
o = frequency
e = arbitrary normalization frequency. Used for all graphical
representations
) = spin speed
(), = nominal spin speed
** = variable described in the stationary frame. When varia-
bles are also described in rotating frame, they are not
noted with asterisk
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Appendix A: Rotation Matrix R

cos(Qr) 0 sin(Qr) 0
—sin(Q) 0 cos(Q) 0
R(Qs) = (A1)
0 cos(Qr) 0 sin(Qr)
0 —sin(Qr) 0 cos(Q)

Matrix R(Qr) presents the following properties:

~!(Qr) = R ()

“1(Qn)R(Qr) = RT(Qr)R(Qr) =1, where I is the identity
matrlx.

Appendix B: Matrices for the Transformation Between
Physical and Generalized Coordinates

(Wi@p) oo W () O 0 0 - 0]
o Wi(zp) o Wia(zm) O o 0 00
L0 0 Wiz e Wa(3) O - 0
0 0 Wi(zp) oo Wi (2p,) 0 -+ 0

(Wi(z) oo Wi (2) O 0 0 - 0]
o Wi(Zs) - Wi (Zs) 0 0 0 -0
0 0 Wi(zy) - Wia(z) 0 -+ 0

| ° 0 Wizs) « Win(3) 0 -+ 0]




In these matrices, W, Wi, are Ritz functions that describe
the displacements of the shaft; z, , z,,, z;,, and z, are the posi-
tions of actuators and sensors.

Appendix C: Relations Between Structural Matrices in
Stationary and Rotating Frame for the Axisymmetric
Case

M* =M (Cla)

D*=D (C1b)

G*(Q) = G(Q) + 2MY (Clc)
K*=K (Cld)

N (Q?) =N(QY) — M +GQ/ =0 (Cle)

References

[1] Tamisier, V., Carrere, F., and Font, S., 2002, “Synchronous Unbalance Cancel-
lation Across Critical Speed Using a Closed-Loop Method,” Eighth Interna-
tional Symposium on Magnetic Bearings, Mito, Japan, Aug. 26-28, pp.
399-404.

[2] Heldner, M., and Kabelitz, H.-P., 1990, “Reliability of Turbomolecular Vacuum
Pumps: A Comparison of Rolling Element and Magnetic Bearing Systems,” J.
Vac. Sci. Technol., 8(3), pp. 2772-2777.

[3] Bleuler, H., Cole, M., Keogh, P., Larsonneur, R., Maslen, E., Okada, Y.,
Schweitzer, G., and Traxler, A., 2009, Magnetic Bearings: Theory, Design, and
Application to Rotating Machinery, Springer Science and Business Media,
Berlin.

[4] Defoy, B., Alban, T., and Mahfoud, J., 2014, “Assessment of the Effectiveness
of a Polar Fuzzy Approach for the Control of Centrifugal Compressors,” ASME
J. Dyn. Syst., Meas., Control, 136(4), p. 041004.

[5] De Lepine, X., Der Hagopian, J., and Mahfoudh, J., 2006, “Development of a
Condensed Reduced Model Based Modal Control Method for Rotors Supported
by Active Magnetic Bearings,” Tenth International Symposium on Magnetic
Bearings, Martigny, Switzerland, Aug. 21-23.

[6] De Miras, J., Join, C., Fliess, M., Riachy, S., and Bonnet, S., 2013, “Active

Magnetic Bearing: A New Step for Model-Free Control,” 52nd IEEE Confer-

ence on Decision and Control (CDC 2013), Florence, Italy, Dec. 10-13, pp.

7449-7454.

Han, B., Xue, Q., Liu, X., and Wang, K., 2017, “Multi-Objective Optimization

Design of a High-Speed PM Machine Supported by Magnetic Bearings,” Mech.

Syst. Signal Process., 92, pp. 349-363.

[8] Sun, X., Su, B., Chen, L., Yang, Z., Xu, X., and Shi, Z., 2017, “Precise Control

of a Four Degree-of-Freedom Permanent Magnet Biased Active Magnetic Bear-

ing System in a Magnetically Suspended Direct-Driven Spindle Using Neural

Network Inverse Scheme,” Mech. Syst. Signal Process., 88, pp. 36-48.

Dumartineix, C., Thouverez, F., Chouvion, B., and Parent, M.-O., 2018, “An

Efficient Approach for the Frequency Analysis of Non-Axisymmetric Rotating

Structures: Application to a Coupled Bladed Bi-Rotor System,” J. Eng. Gas

Turbines Power, 141(4), p. 041033.

[10] Moreira, A. B. B., and Thouverez, F., 2019, “Dynamic Modelling and Vibration
Control of a Turbomolecular Pump With Magnetic Bearings in the Presence of
Blade Flexibility,” Rotating Machinery, Vibro-Acoustics & Laser Vibrometry,
Vol. 7, Springer, Cham, Switzerland, pp. 101-110.

[11] Christensen, R. H., and Santos, 1., 2005, “Design of Active Controlled Rotor-
Blade Systems Based on Time-Variant Modal Analysis,” J. Sound Vib.,
280(3-5), pp. 863—882.

[12] Calico, R. A., and Wiesel, W. E., 2012, “Control of Time-Periodic Systems,”
7(6), pp. 671-676.

[13] Liu, K., 1999, “Extension of Modal Analysis to Linear Time-Varying Systems,”
J. Sound Vib., 226(1), pp. 149-167.

[14] Liu, K., 1997, “Identification of Linear Time-Varying Systems,” J. Sound Vib.,
206(4), pp. 487-505.

[15] Parent, M.-O., Thouverez, F., and Chevillot, F., 2014, “Whole Engine Interac-
tion in a Bladed Rotor-to-Stator Contact,” ASME Paper No. GT2014-25253.

[16] Gruin, M., Thouverez, F., Blanc, L., and Jean, P., 2011, “Nonlinear Dynamics
of a Bladed Dual-Shaft,” Eur. J. Comput. Mech., 20(1-4), pp. 207-225.

[17] Lesaffre, N., Sinou, J.-J., and Thouverez, F., 2007, “Contact Analysis of a Flex-
ible Bladed-Rotor,” Eur. J. Mech.-A/Solids, 26(3), pp. 541-557.

[18] Friswell, M. L., Penny, J. E., Garvey, S. D., and Lees, A. W., 2010, Dynamics of
Rotating Machines, Cambridge University Press, Cambridge, UK.

[19] Hutterer, M., and Schrodl, M., 2017, “Control of Active Magnetic Bearings in
Turbomolecular Pumps for Rotors With Low Resonance Frequencies of the
Blade Wheel,” Lubricants, 5(3), p. 26.

[20] Gmiir, T., 1997, “Dynamique Des Structures: Analyse Modale Numérique,”
PPUR Presses Polytechniques, Lausanne, Switzerland.

[21] Hutterer, M., and Schrodl, M., 2015, “Control of Active Magnetic Bearings in
Turbomolecular Pumps for Rotors with Low Resonance Frequencies of the
Blade Wheel,” Lubricants, 5(3), p. 26.

[22] Couzon, P.-Y., and Der Hagopian, J., 2007, “Neuro-Fuzzy Active Control of
Rotor Suspended on Active Magnetic Bearing,” J. Vib. Control, 13(4), pp.
365-384.

[7

[9


http://dx.doi.org/10.1116/1.576666
http://dx.doi.org/10.1116/1.576666
http://dx.doi.org/10.1115/1.4026468
http://dx.doi.org/10.1115/1.4026468
http://dx.doi.org/10.1109/CDC.2013.6761072
http://dx.doi.org/10.1016/j.ymssp.2017.01.013
http://dx.doi.org/10.1016/j.ymssp.2017.01.013
http://dx.doi.org/10.1016/j.ymssp.2016.11.022
http://dx.doi.org/10.1115/GT2018-75461
http://dx.doi.org/10.1115/GT2018-75461
http://dx.doi.org/10.1016/j.jsv.2003.12.046
http://dx.doi.org/10.1006/jsvi.1999.2286
http://dx.doi.org/10.1006/jsvi.1997.1105
https://hal.archives-ouvertes.fr/hal-01223063/document
http://dx.doi.org/10.3166/ejcm.20.207-225
http://dx.doi.org/10.1016/j.euromechsol.2006.11.002
http://dx.doi.org/10.3390/lubricants5030026
http://dx.doi.org/10.1177/1077546307074578
https://www.researchgate.net/publication/335809120

