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Abstract. This paper describes a dynamic model formulation and control experiments
concerning the vibration behaviooir a thinwalled cylindrical rotor with internal
piezoelectric patch transducers. Model development, validation and controller design
procedures were undertaken for an experimental rotordynamic system comprising a
tubular steel rotor (length 0.8 m, di@m@t166 m and wdllickness 3.06 mm) supported

by two radial active magnetic bearings. Analytical solutions for mode shapes and natural
frequenciefor free vibratiorwere first derived using a shell theory model, and these used

to construct a speetbpedent parametric model for the rotor strugtimeludingpiezo

patch actuators and sensors. The results confirm that the developed shell theory model
canaccurately capture the rotating frame dynamics and accounts correctly for frequency
splitting from Cdolis effects. The model is also shown to be suitable for active controller
design and optimization. Motkelsed H feedback control using the retoounted
actuators and sensors is shown to achilenationsuppression of targeted flexural modes,

both with and without rotatian
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1. Introduction controller design. Accurate account of the effects of
rotation distinguish the work form previous studies that
In rotating machine design, the use of rdtaxsng consider nomotating thirwall cylinders only [@13].
a hollow thinwalledstructure can provideenefits from
reduced material usage, low weight and high nafralActive Thin-Walled RotorBearing System
frequencies for beam bending. However, the potential
excitation and instability of elastic vibration within the An active thirwalled rotor system has been created
rotor wall must be considered and, if necessary, actteelgnable testing of rotordynamic behaviour and the
or passively supzeed. investigation of different types of vibration control
Several previous studies have dealt with benditigtegies, as shown in.BigThe rotor is supported by
vibration control using rotanounted actuators andtwo radial active magnetic bearings (AMBS). Piezo patch
sensors. Horst and Wolfel [1] demonstrated a reductiotuators and sensors can be mounted on the inner
in lateral vibration of a rotating shaft using piezoceramidace of the rotor at any position (precluding patch
(PZT) patch actuators bonded twe tsurface. Finite overlap). For the present work, a total of four
element modelling and optimal feedback control baaethiator/sensorgirs were fitted (two pairs at each end
on linear quadratic regulation were adopted. Lees @nthe rotor). The AMBs are a specialized design that
Friswell [2] considered the general problem of -stramploys a distributed actuation scheme to minimize the
based rotor actuation to compensate for imbalanceiribgraction of the bearing forces with flexural
inducing a rotor ben&loetjes and Boer [3] used sutfacdistortion/vibration of the rotor wall [16]. The
mounted piezoceramic sheets and strain sensor$iotizontalrotor has radius 81.5 mm, wall thickness 3.06
control the first bending mode of a helicopter tail drisem and axial length 800 mm. The rotor was machined
shaft. Modal control methods were used to suppriesn seamless steel tubing and has the mechanical
resonance and unstable vibration for arbitrary imbalgmoperties listed in Table 1. The rotor was coupled to a
condt i ons. CupiaG and K o zdiivingsdisK by Four flekitBe] foane polgrmer sir@bes t h e
compensation of internal damping using piezoelecarichitecture was designed to have minimal effect on the
patch sensors and actuators fixed to a rotor shatlial dynamics of the rotor. The driving disk was
Simulation results indicated that the stable speed rangeled to a brushless dc motor.
could be extended using feedback of the timeatiee The AMBs were operated clo$aop with a control
of the piezo sensor voltage. Przybylowicz [6] considexgstem implemented digitally on-&Sed hardware.
the active stabilization of a hollow shaft made w&lirrent amplifiers (Maxon ESCON 48/5) provided
piezoelectric fiber composite. Numerical results with BBctrical energy to the AMBs, commanded by the
feedback of strain values showed that instability cawsedrol system. Four displacement sensors were used to
by internal damping doube mitigated with suitable gaimeasure the rotor position for the AMB system. The
values. AMB system provided low stiffness confiaaet support
Active vibration control of cylindrical shells has beehthe otor via the actively controlled magnetic field [21].
considered previously for nmtating structures such as  Piezoelectric patch actuators and sensors have been
bodies of aircrafts, submarines and rockets/missiles ragunted internally on the rotor wall for the purpose of
[7014]. There have been relatively fewigs on active stabilization and suppression of flexural vibration
control of rotating shell structures. Kumar and Ray [©6turring within the rotor wall. Laminamposite patch
studied the performance of Active Constrained Lagetuators of model-876A15 from Physik Instrumente
Damping (ACLD) applied to a rotating conical shell.were bonded to the inside surface of the cylinder. Four
simple velocity feedback control law was adopted anmwiller patches (P1&76SP1) were used as sensors and
evaluated by numericainglation. Model developmentwere glued adjacent to the actuators, as shown 2n Fig
and experiments on control of circumferential vibratidbhese patches havelgrization in the-axis direction,
for an annular rotor with magnetic bearing support vgiagng unimorph mode of operation. Two seraszitfator
presented in [16] and a technique for #haftinonic pairs (1 and 2) were bonded near to (driven) end A and
vibration suppression proposed in [17]. The optimizattaro sensor/actuator pairs (3 and 4) bonded at end B, as
of piezo patch actuation and sensing for vibratiomdicated in Table 2. Four piezo driver moduleE«(PI
suppression of a rotating ring was examined in [18] &8 provided power to the actuators, commanded by a
[19]. digital control system. All electrical connections to the
This paper considers the active control pfezo transducers were through sliprings. The data
circumferential vibration for a thialled cylindrical acquisition, analysis and feedback control algorithms for
rotor with piezo patch actuators and sensors:DA 3he piezeelectrics were implemedtdigitally with PC
multtmode dynami c model b a basall haodwarelamnd wigh@ samglitng éréqliency df @00rHy
[20] is adopted that accounts for the moment distribution
from surface mounted piezoelectric actuators under
activation. The main contributions from this paper are
the model description, its validati and the
experimental results confirming its suitability for optimal
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Fig. 1. Experimental active thwalled rotor system. Main components: 1. steel rotor, 2. radial active
bearings, 3. displacement sensors, 4. piezoapaiators, 5. piezo patch sensors, 6. piezo driver module,
signal conditioning, 8. slip ring, 9. flexure coupling, 10. motor, 11. driving disk.
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Fig. 2. System cross section showing actuator and sensor patch locations.

Table 2. Configuration of piezo patch actuator/sen

Table 1. Rotor properties. pairs.
parameter _ symbol value units Pair ] a Input/output
cylllrghe;r liadlus \((2 2102 mm end "~y type %o (mm) signal
wall thickness . mm -
rotor axial length 0 800 mm A 1 actuator g o eap 0,
material density " 7850 kg/m3 A 1 sensor mJ) o w w
Rotor mass 9.61 kg A 2 acwator pt ¢ o Y 0
Youngds 0 2.08 x 160 N/m?2 A 2 sensor pt1 @ o WA ®
Poisson's ratio ’ 0.3 B 3 actuator 7] o Qap 0

B 3 sensor 1J o WA )

B 4  actuator PT @ O Q8P 0

B 4 sensor pT @ O O w
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3. Rotor 3D Flexural Dynamic Model and The equations of motion for the shell element,
Experimental Verification accounting for rotation, can be derived as [22]:
. o pto 10 0
3.1. Rotating Cylindrical Shell Model NT % T4 Y

re rto @

For the described system, a rotordynamic model has RO e Mo 0
been derived by applying Iprdverﬁ oshel |l threswory, as
case of a uniform cylindrical shell. A homogeneous, YT % T & v 2 &M Mg )
isotropic and linearly elastic cylindrical shell is considered ~ pT0 156 | - N 3)
as shown inFig. 3a. The radiusaxial length and YT % 1 & M Y %
thickness are denoted®yL andh, respectively. Let xyz 5 pro 1o @
be local Cartesian rotating coordinate systems fixed at YT % 1 a
the middle surface within the cylinder wall. Considering g 1Y prv (5)
an infinitesimal shell element at cylinder coordinates ra Y1 %
Yoy at time t, the displacements in the undeforquog, pical values of the Youn

xyz axes directions are defined #hd , 0 %60  materials are about 30 GPa, which is small compared
and0 %o , respectively. Rotation at constant angulgith the typical value for steel. Hence, any contribution
speed U about -axis edireation di® ffom rth@ eactuatoz and sensor patches to the internal
assumed. Figure 3b shows thernale forces and restoring forces may be neglectedettids assumption,
couples acting on a shell element, which are alignedtiin contribution to the internal moments can be related
deformed coordinate axes to the internal patch forces (per unit lenggth)andr)

due to activation:

6 0 -O-Fun oh
0 0 -o-Fn oh (6)
b 0 8

A rectangular patch located at positiof%o is then
accounted for by the rectangular function

O = % % Y = % % GIY
=aa b =00 O

unimorph
patch actuator

where= denotes the Heaviside function and the active

cylindrical shell rotor area of the patch ) c®(in @ ¢&). The patch

@ internal forces are assumed to be equal to the blocked
forces and linearly dependent on the applied vlltage

.80,

M, +%{1 dé Ontag “d¢ R o6 0Qdoh 1 o 0Qo (8)
" { O q¢‘d¢ QL Here,0 and 0 are the electromechanical coupling
) Os I [ Q dz ’Vf +6wa .. .o T . .
. -~ oz coefficients for strain mandwdirections, respectively.
O, ,‘5‘15@ ‘>>i \\\ cL dz For this model, the effect of piezo activation is

equivalent to linmmoments acting along the four edges
of the patch, as illustrated Kg. 3a. The internal
forcess/moments due to deformation of the cylindrical
shell may be described by the constitutive equations from
Kirchhoff-Love theory20}

M+ 2 OMyy
o %~

w o6 B B 87 TR T A—r ©)
O B 0o -— '—h— -—~h
. v— (10)
withd ——andO and with internal strain
b .
) variables
Fig. 3 Thin-walled cylindrical rotor model: (a) R pT 0 o T o roopro (11)
. ; . T o, oh T —h 7 T
geometry showing line moments due to a unit YT %0 Y ra T a1 %o
piezo patch actuator (b) Internal forces/moments r ET_U)j r r e r pr o v (12)
on shell element. YT %o T a Y %o Y
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Following from Eq(1)}(12), a complete description fowith integer valuex .

the shell dynamics is obtained in the form
Q0T 0 10

o 5~ Qo
. ‘ toe ., 1o
O C¢cmg m % 0 T_%o
. Q. 170,
0] C'_Uﬁooo
. to . 1o 14
Q0 ¢ M s g
v
0 QL m % (15)
where
. pT O 6 T O
v YT % Y Y &
ol & P10 ¢ 16
Td& YT%a Y% a (16)
pr o plro
YT % YT %o
5 P 10 pTO prép 1§
CTa& YT% YT % CYT % a
P 'T0 pT U plT o
O NTa Yid Viw A0
p1o
YT %d
LT O p 10 16 p "1
U 0Fa OV T% Y a Vi %a (18)

3.2. Free Vibration Solutions

The natural frequencies and mode shapes for free
vibration of the cylindrical shell may be obtained

analytically by assuming a solution ta 8@3(15) in
the form
6 1'Q AT ®% 1 oh
0 1Q OEd% 1 0h
O 1Q AT &% 1 o

(19)
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For the case witlm T,
substituting Eq. (19) in EgEL3P(15), yields

O_ O_ O @] Q Q Q_
o

ot

w

Q QO_ O @

Q_ gol o _ @1

f I

r

(20)
where the coefficient values are given in the appendix.
Using a given (assumed) natural frequency Jvalue
allows Eqg. (20) to be solved by setting the determinant of
the matrix to zero. This gives eight solutions &ord
eight corresponding solutionsr fo i i . The &-
dependent modghape functions are then given by

Y& 6/ Q h owa 61 Q h
(21)

A correct natural frequency valueis that which
(through some choice of coefficieoty allows the
boundary conditions to be exactly satisfied. For a
cylindrical shell with free ends, the boundary conditions
are[22]

e
Viwivieere W @
H %;_l;p% H{ cTT‘%ZT a ™

T

A general (numerical) approach involves performing
a direct search over a range of possible natural frequency
values. Care must be taken to avoid numerical errors and
conditioning problems. Successful application of this
procedure is described in the ditere[21] [23] and is
not elaborated further here.

Fig. 4. Rotor mode shapes and nattmsuencies for first 9 flexural modes.
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Subsequently, the notatibn & , @ & , and experimentally determined damping levels for each nfasein
w & is adopted for theé-dependent modshape ref.[21). The piezo actuation forcing terms are
functions. To identify a given mode, two indices are used:

& is the circumferential wavenumber, @rgdequal to o e 0 _” -
the number of nodes (zetmssings) oy & . Free 40 QoAy @E T/ .’JQ@A"’ (26)
vibration with natural frequency can be expressed u n v
as asmmation of two degenerate modes: Substituting foiOusing Eq. (7) and integrating by parts
6 %k gives
O %D £ %y G 0ANO o 0o OEi%O0da Qoh
O %0 ‘ o (23) 00 AiéGOda Q0. 27)
€ % GOOEI o , _ -
where thé&-dependent coupling coefficient is
wherep, & Y & @ & @ & hand the two B
circumferential waveforms are-ofiphase by a quarter ¢ g M 0Yda O OYa O
wavelength: o
. e e en e e n (28)
€ % AE OE %A | a0 EXl %oh L d Va6 oda 0
g % AEACHH O Eil%A 16Ok Y ¢
The naturafrequencies and mode shapes, calculated _
for the described rotor system, are shiowfig 4. The The full set of uncoupled modal response equations
plots show the first eight low frequency -fieature in the form of Eq. (26), together with Eq. (28), provide a
modes and first beam bending mode (1344 Hz). (rotatingframe) multmode model for flexural vibration
of the piezeactuated rotor. For piezo patch sensors on
3.3. Parametric Model for PiezeActuated Rotor the surface of the rotor, the output voltage is
proportional to the surface strain:
The general solution for forced vibration may be te 016 10D
expressed as a superposition of theviibeation modes: wo v &Y (% T % (29)
6 %mho . o Consequently, the amplified output voltage can be
O % € %y an o expressed
0 %D (24) o
& [») A 4 s oo . ) A 5410, AT AT [0}
E % an o o + 04  OBI% Al 2 5 (30)

i
wherenp 0 andrn o form the set of modal _
response variables. Substituting in. Btg}(15), pre Table 3System natural frequencies and dam

e _
multiplying by 1 %°¢ % and integrating over m ™ . .
7 Ug %o Mode 1 (U 7 (Vv -
%N THT* and @n -h yields shape Theoretical Experiment Experiment
) indices
f " ® n f a ch m 306 304 3.82e4
r'1 A B o X f a4 ck p 313 309 6.15e4
) ) 0 a ckE ¢ 604 596 5.24e4
1 ma == == 3 (25 & R o 1312 1301 3.75¢4
0 Qo G okt m 865 863 6.61e4
— 05 a o p 873 870 4.36e4
a o ¢ 935 931 3.82¢e4
where the orthogonality properties of the mode shape ¢ ot o 1149 1140 3.91e4
must beexploited to obtain a of 1 1564 1550 4.32¢e4
a ThE m 1658 1652 1.05&4
- a the p 1665 1663 2.47¢e4
@ 7 7 Qb 6 TR 1704 1702 1.95e4
a e o 1793 1786 2.11e4
& ¢ Y o Qb 6 TR T 1963 1949 2.68e4
¥
@ C Yooam  Qa
¥
Also, " "% andA is a diagonal positive

definite damping matrix that will be set to match the
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Theoretical data for reduced order system model is also shown.

3.4. Model Verification and Parameter Updating were selected tvoidcrosstallbetween the actuator and
sensors To obtain this high level of agreement, the
The model Eqgs(26P(30) were used to obtain natural frequencies and damping raties  for
frequency response data relating actuator input voltdges theoretical model were updated to match
to sensor output voltages. The adopted model includggerimentafl identifiedvalues as shown irTable 3
the first 14 pairs of flexural modes (within frequentie \alues ofA and in Eq. (25)were adjusted
range 802000 Hz). Note that the rigid body modesmanually so that dle resonance peaks in tieoretical
(& ptke mp) do not couple with the piezofrequency response matcheth the experimental data
transducers and so the corresponding states were onfifih. rotation) as closely as possibleas found that
Experimentafrequency responsiata was obtained bythe theoretical values 1 were all slightlyhigher
applyinga sinusoidal excitation voltage to a sip@ than the experimental values. This can be attributed to
patch actuator 6 . Response easurementsare the added mass from the patches and electrical wiring.
presentedor the piezo patch senso andw 8The The updatedtheoretical model correctly predicts the
experimental and theoretical results for cagbsut splitting of naural frequencies for forward and backward
rotation andwith rotation at 10 Hare shownn Fig 5 wave modes (see Fig6). This occurs for nofzero
and Fig 6, respectivelyNon-collocated input/outputs rotational speed due to Coriolis fori&g Clearlythe
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Fig. 7. Campbell diagram for flexural vibration mor ¢ h €  d@eaweha Gequency response curves, and so
of thin-walled rotor system. can be adopted in order to suppress resenaver a

specified bandwidth for control. In this framework, the
problem is to obtain a controllelk A &
speeetlependent dynamics of the rotatindindrical ‘A "A A that minimizes the cost functiong T:
shell must be accounted for correctly in the nideld ] ]
controller design. The variation in natural frequencies ;| ET" T 1 R (31)
with rotational speed can be calculdbettlyfrom Eq. i 7 M T

(25)and depends on the meeleape coefficient® h o0 the closed loop transfer function matrices are

® andd 8The correspondingampbell diagrars gL R gL L f

shown inFigure 7. Tl aspect was investigated arﬂ% Ll L L L& TJ LN L L L

verified in the studj21} The resultsuggest thatn 1 e =g Eqh 1_| € T ’

principle,the model and control methodology describ&¢herey i A& A 'Ais the open loop transfer

here could be applied over a widmge of rotgonal function matrix. The weighting transfer functigns

speeds. andss are chosen to reflect the spectral characteristics
of disturbance and sensor noise, respectively.

4. Vibration Control Experiments The optimal=  control solution then has the
property that it achieved the minimumo2m (energy)

4.1. Optimal > FeedbackController Design of the weighted output variablas (¢ 8 The

scalar parameter > 0 affects the bandwidth of the
To assess the vibration control capabilities of dwntroller solution and should be chosen to prevent high
piezoelectrics a feedback controller design wdgequency controller dynamics that might introduce noise
undertaken based on a stgiace description of theand instability problems when applied to the real system,

flexural dynamics, in the form i.e. spillovef25]} The optimal solution fok can be
o Te Ao Mpj computed from the Riccati equations for separate state
« Pe =P estimation and full information control problg¢2#g

The matrice®\ Aand’Aare obtained directly from Eqs4.2. Controller Test Results

(261B(30) by defining a state vecwthat includes the

reduced set of modal response variaplesiy ,n Controllers were synthesized for application with

). The control inputs are the set of actuator voltages actuators (input® and Q) and two sensors

¢ QQQQ and the outputs are the sensqoutputswy andw ), havingthe locationshownin Table

voltages W O ®W o . Process disturbances and. Twocases witlifferent input disturbance models

sensor noise are represented by additive perturdtiomgyving broadband and narrowband  weighting

and = h acting on the system inputs and outpug®aracteristics (se€ig 8) were considered The

respectively. broadband disturbance model was chosen to target
To achieve active damping of multiple modes, a cdgtumferential vibratiom the frequency range-ID00

function is defined based on the norm of the closed Hz, which involvesircumferential modes with  cho

loop system. The norm allows the minimization of and¢  Tiplg. The narrowband disturbance model was
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Fig. 9. Measured system frequency responseQfrmwy with feedback control. Controller designs ar
narrowband (NB) and broadband (BB) control.

narrowband disturbance model allowed efficient
suppression fatargeted elastic modes without spillover
problems.

It is possiblethat, for the broadband conte]
including higher frequency modes (>1400 iHzjhe
modelcould help to avoid their destabilization. However,
the controllewould then behigherorderandso could
not be implemented with theigh sampling frequency
that is required to maintain control bandwidth and
prevent phase lag thahdsto destabilize high frequency
modes even when they are included in the model. As
general practice, it is recommended to omit modes that
fall in a frequency range that canbet modelled
sufficiently accurately for conteoldesigipurposes.

Fig. 10. Measured system frequency respons@fto 5. Conclusions
w with feedback control. Some high frequency 1
not included in the system model exhibit amplific From this study, the followingpnclusionsan be
due to spillover. madeconcerning the application of pidmsed vibration
chosen to tar . %or?trol with a thirwalled rotor

get the lowest frequency circumferential’y * +0 o5 mption that only the applied moments
modes & cfe manda ¢t p with natwral ¢,y the actuator patches need by considered appears
frequencies close to 300 Hz. The same noise model Waka ctory for modelling and control of low frequency
adopted for both caseseg¢Figure8). The model used |, -, bending modes (i.e. a surfaoented unimorph
for synthesis includedl #exural modes up to 1400 Hz patch has a similar control action as a bimonptirize
and therefore lE32 states. actuator).

The frequency response data, with and without ; A5 themass and stiffness of the patches were
control,is giverin Fig 9 andFig 10 These graplow o qjected in the structural model, an improved model
resultg from the same FRF test but for a 'OW_Q@EHZ) could be obtained by calibrating the natural frequencies
and high (>1600 Hz) frequerange, respectivelJhe %nd damping ratios to match experimental results.
result's confirm that flexural V|Iqrat|on can be reduced bY 3 For the AMB-supported rotor, thesffect of
the piezepatch transducers. With use of the broadbang,,jng stifness on the flexural mode dynamics could
disturbance model in the controller synthesi§g neglected in the initial model. For higher stiffness

suppregsion for elastic mod_e_s in_ the target domain c ring types, the impact on the shell dynamics may
be achieved. dwever, amplification of resonance War%quire more explicit consideration.

prone to occur in the high frequency dor(ri400 Hz) 4. For the =

caused by spillover problerasthese modes were not control approach, careful selection
included in the model (sddig 10. Use of the of weighting functions is required to ensure closed loop
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