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In this paper there is an attempt to develop an elegant controlling strategy to stabilize flexible rotors having flexural
modes. Initially, the possible causes of instability in a rotor system due to internal damping through mathematical
formulation are discussed. The threshold or the critical speed was derived beyond which the rotor became unsta-
ble. The stabilizing algorithm was designed by keeping the overall control law mathematically simple such that
minimum numbers of sensors were used and deployed. Actuators were properly selected such that control and
stabilization was practically possible for rotors of such low diameters. Bond graphs were used to model the rotor
system having flexural modes. As bond graphs act as a portrayal of power and information exchange within the
system and with external environment, bond graphs may give a better clue for modeling such systems. The real
challenge in this work lies in the proposal of control strategy in stabilizing non-rigid rotors having flexible modes.
Mathematical simplicity of the proposed control algorithms is considered for its easy deployment. The Simplest

Beam model the Euler-Bernoulli beam is considered.

NOMENCLATURE
R, Stationary damping of the shaft
R; Shaft rotating damping
Vi Velocity at fixed reference frame
V.. Velocity at rotating frame
K, Stiffness of the rotor
F, Circulating force
w Running speed of the rotor
m mass of the rotor
A Orbital area of the shaft
L Length of the shaft
Req Effective value of the rotating damper
R, Negative damping coefficient
Wh, Natural frequency shaft
(uX X, uXY, | The modulus of various
wYY, uY X) | transformers
Vamp Whirl orbital response function
€ Eccentricity of the shaft
n Switching Function
Ricry Effective internal or rotating damping
Forpes Whirl orbital function
d Potential function
p Density of the beam
E; Flexural rigidity
(wi, wj) ith and jth mode of frequency
y(x,t) Vertical displacement beam

1. INTRODUCTION

Destabilizing effect is very common phenomena in rotat-
ing or gyrating systems. Rotors at speeds higher than cer-
tain threshold values become unstable due to rotating damping
forces generated by dissipation in rotor material. The causes
of instability of rotor systems due to internal damping was ad-
dressed by several authors.'1%-12 Interestingly, several at-
tempts were made earlier to stabilize such systems. Authors
have shown that how anti-symmetric transformation matrices
were responsible for creating these instabilities. Although the
current methods in practice are quite effective for large- or
medium-size rotors, these may not be suitable for small-, mini-
, or micro-size rotor systems. There have been considerable
efforts in the past to stabilize rotors with large diameters using
conventional control algorithms like sliding mode or adaptive
control techniques, but due to complexity in the control algo-
rithm or lack of information on the type of disturbance model,
the overall design has become too complicated for real time
implementation of such systems. Some papers based on con-
ventional control methods to stabilize rotors essentially with
large diameters with flexible modes are worth mentioning.'3-2
This paper benefits from handling the control law equation
with minimum complexity such that deployment of control law
in real time would be simple. The real challenge in this work
lies in the proposal of a stabilizing strategy that could arrest
instability caused due to modal spillover. One may consider an
Euler- Bernoulli beam model and then orthogonal separation
of various modal components of a uniform beam can be done.
Thereafter, each flexural mode was modeled by using Bond
graphs and finally integrated into a single model. For modeling
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Figure 1. Schematic Representation of rotor shaft with fixed and rotational
dampers.

the system of flexible rotors with different modal components,
the following papers?’—3! were referenced to build the complete
model. Initially, the system was kept uncontrolled without any
controller and instability was clearly visible through simulated
results. Later, the controller was implemented within the bond
graph model and the stabilizing effects of the controlling strat-
egy were shown through simulation. The control strategy used
here is the whirl orbital response type controller. The overall
mathematical structure of the controller is shown in the sec-
tions below and efficacy of the controller is validated through
simulation results. The controller is attached within the bond
graph and no additional design using any other control system
design toolbox is used in the model.

2. ANALYSIS OF ROTORS WITH INTERNAL
DAMPING

The aerial damping coefficient is taken as & = R, /2, such
that effective damping coefficient in all direction is R,. Here
the frame is taken as ;4 = R;/2, such that its effective value in
all directions is R; . Both R, and R; are stationary and rotating
damping, respectively. The stiffness iis assumed to be ¢ =
K, /2, such that stiffness K is experienced in all directions.
For general dynamics and nature of the non-potential force,
one may refer to.3>33 The internal damping forces act along
with the rotating frame. The velocity in the rotating frame is
related to those in fixed frame in co-oriented and coordinate
as follows (i, j, k are the unit vectors). The equation below
can be written from the geometrical constraint between fixed
and rotating frames. The dynamics are captured in a situation
where the frames are co-oriented but non co-rotating:

Vi = Vidwxr = Votwkx (&+3;) = Vetwii —wi;. (1)
In matrix notations:
Vw f Vw r 0 w X
= ’ . 2
R e A RS s 1 o

In terms of displacement components:

o )

X,

Y,

Xy
Yy

The damper force vector would be obtained by multiplying
with R;:

{ Fy } _ R,
Ey

The second term of the above equation is circulating force and
it is non-potential in nature, which means mathematically the
curl taken of this force would remain non-zero. Hence, the
work done by circulating force F» will be path-dependent. If

a point is moved in a circular orbit around its equilibrium point
at X =Y = 0 then work done in such an orbit will be:

Wcz%Fc-df://(Vch)-da:

/ / 2wR;k - dak = 2WR; A.  (5)

Xy
Yy

0 wai ] |:Xf

+|:UJR1' 0 Yf :| (4)

The area A is positive if the rotor center orbits in the same
direction (clockwise or counter- clockwise) as the spin angular
velocity of the rotor, otherwise area A will be negative.

3. FLEXIBLE ROTOR WITH SMART
COUPLING AND DRIVE

The rotor system shown in Fig. 2 has all the essential fea-
tures which are to be addressed. It comprises free-to-oscillate
rotors. In the two orthogonal planes, the external dampers are
attached. Isotropic stiffness and internal damping in the ro-
tor are lumped in the flexible coupling connecting the constant
speed drive and the rotor. Within the coupling, the sensing
and the actuating elements are embedded. The sensing and
actuating elements may be practically realized by deployment
of a set of piezo-actuators. As all dynamics are captured in
the rotating frame, to model the system systematically, frame
transformation from fixed to rotating frame is considered.

4. THRESHOLD SPINNING SPEED AND
STABILIZING STRATEGY

One of the important things is to find out the critical speed
of the rotor. A simple way of doing this is to convert the bond
graph into a signal flow graph and then, using the characteris-
tics equation threshold, speed can be found out. Alternatively,
we can always equate the dissipative power and regenerative
power to find out the critical speed of the rotor beyond which
the system would be unstable. Once it becomes unstable, the
power drawn from the shaft increases monotonically. Here
the threshold speed depends on the shaft natural frequency
/Ks/m and external damping R, and material or rotating
damping Ri . At speeds w > wy, the regenerative energy per
orbit or regenerative power will be larger than power dissipated
by damping R, + R;. The system will become unstable and
there will be continuous growth of the power drawn from the
shaft. This can be observed by the simulated result in the later
part of the paper. It has been observed from Eq. (7) that the
critical spinning speed depends on the shaft natural frequency

% , the external damping R, and also rotating damping R;.
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Figure 2. Schematic diagram of the rotor system with flexural mode.

Therefore, it is possible to achieve stability by increasing the
value of wy, (refer to the relation wyy, = w, (1 + R,/R;) be-
yond the running speed ‘w’. We may modulate directly the
shaft stiffness parameter ‘K as the stiffness coefficient is de-
pendent on the threshold speed wy;, here. This way of stabi-
lization would be impractical as it may pose tremendous chal-
lenges for modulating the stiffness of the rotor of a rotating
shaft with minimum number of actuators. Papers’?3* may
be referred to for in-depth derivation of the critical threshold
speed of the rotor. Increasing the shaft stationary damping R,
is another way by which we could shift the shaft critical speed.
Refer to papers?’ where the authors have used squeeze film
dampers to enhance stability; however, these methods were re-
stricted strictly for large- and medium-size rotors as the size
of the squeeze film dampers has limitations as it may not be
the right choice to use these sort of dampers for low-diameter
rotors. By applying velocity proportional force in stationary
frame on the shaft, one may artificially increase R,. This
will lead to an increase in wy,. However, depending on the
range w — wyp, the difference of spinning, and the instability
onset speed, the feedback gains will have thto be increased.
For larger differences of these speeds, larger gain would be
needed. This would certainly mean a larger actuation problem
and hence large size actuators are actually required which may
be not be feasible to stabilize rotors of certain descriptions and
size. In addition to this for application of these forces, a rigid
stationary structure would be needed which may not be practi-
cally implemented, especially with rotors with such a low di-
ameters. There would be severe constraints and problems to in-
tegrate such systems with the rotating shaft and this will surely
affect ones primary goal to stabilize rotors of mini or micro
size. There may also be additional problems arising in imple-
menting such systems due to high contact friction and wear
in the actuators. If one recalls the relation of the instability
threshold speed wip, = wy, (1 + R, /R;). The term R; appears

in the denominator which determines the internal damping in
rotating frame. Now if by control action, that is by applying
forces proportional to the velocities in rotating frame, the ef-
fective internal damping may be modulated. This will lead to
high values of wy;,. One may say Rcq, = R; — R, where R,
is the effective value of rotating damping. R4, is the original
material damping and IR, is the negative damping created by
the control action. With this control the effective w;;, would
be:

Wth = wn(l + Ra/(Ri - Rc)) = Wn(l + Ra/Reqv)- (6)

This control has several advantages. This has to be imple-
mented in a frame rotating with the shaft or on the shaft it-
self. Thus, using this method one may use smart structures
effectively. Piezo actuators (PZT’s), electromagnetic devices
in rotating frames, may be used for relatively larger rotors. As
the limit of R, is from 0 to R; then for whole range of spinning
speeds, the gain values and controller actuation forces are also
limited and it does not reach very high unacceptable values and
may be achieved at modest feedback gains.

It has been shown in the simulation results later that the
shaft-drawn power monotonically increases when the shaft be-
comes unstable. Thus in design of Rc the shaft-drawn power
from the drive may be used. The most significant requirement
is that once the shaft attains stability and the shaft-drawn power
comes to zero, this terminal Rc value should get latched. The
proposed design of R, is as follows:

t
RC:ocP—l—/P(E)de—i-U%. (7
0
Here a, /3, and o are controller tuning parameters and P (<)
is the shaft-drawn power, which is the amount of power the
shaft draws from the source which renders it unstable.
If we recall for the threshold speed wyp, = wy, (1 + Ry /R;).

the control action keeps increasing this threshold speed by re-
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ducing the effective rotating damping. The following equa-
tions will give more detailed explanation of the dynamics:

t
wip =wn(l+ Ry/(R; — aP — 5/Pd§ — odP/dt). (8)
0

Once w goes past the running speed, the shaft is stabilized
ex when w wy, > w.

4.1. Stabilization Algorithm with Whirl
Orbital Response Control

The previous section suggests that the design parameter R,
should be determined by some response function which is re-
lated to power going for whirling motion only and which by
any means should not be the power going to the load. The
control algorithm of equation (8) has a limitation that we can-
not absolutely determine the amount of power which renders
the shaft unstable as a certain amount of power is utilized by
the load. Therefore, we need further modification on the con-
trol algorithm. Instead of directly measuring the shaft-drawn
power, one could take a response function proportional to the
orbital radius in rotating frame or it could be a better and even
superior response function if we take it as #2 + ¢2. The main
idea here is to create a response function whose determination
would give the actual power drawn by the shaft that renders
the shaft unstable. Determination of a response function based
on velocity would be easily measured as compared to sensing
actual shaft-drawn power which creates the whirling motion of
the shaft. The modified control algorithm thus looks like:

t
R, = (a*V?amp+ B+ / V2 ampdt + 0 % dV? 4 /dt); (9)
0

2 2

Vi (00 5) (75

For a perfectly balanced shaft with load, the shaft power

drawn is the sum of the power which fosters the whirling mo-

tion and the power needed by the load. If R~ becomes larger

than the internal damping R; and as a result R, becomes neg-

ative leading to the occurrence of eventual reverse whirl which

may rapidly grow in amplitude. This can again destabilize the

shaft. To prevent this type of reverse whirl occurrence we have
improvised the existing control by addition of a switch.

(10)

Fyrpes = (22 + 92) * 1. (11)

Here a new switching variable 7 is added to the whirl orbital
function F,,pes. Therefore the design parameter now can be
determined by:

t
RC = aForbes + 6 / Forbesdt + ’deorbes/dt (12)
0

The effective internal or rotating damping R;.rr = R; — Rc.
Now switching conditions may be If Rc < R; thenn = 1. If

(a)
0.01

0.00

Y Displacement
o
o
2

0.00

-0.00 : i

|
-0.00 0.00 0.00 0.00 0.01
X Displacement
(b)
25.42
2 1907 R I .
o . . .
[a]
S 1271
o
o
[
< s s :
W3 6.35---ooreemene e et R IR SRR
0.00 - : 1 '
0.00 0.49 0.99 1.49 1.99
Time

Figure 3. (a) Instability in XY plane. (b) Shaft drawn power without the
controller.

Rc > Rithenn = —1. If Rc < Rjcry then the switch-
ing function = 1 which implies that the controller oper-
ates normally. If B¢ > Ry then the switching function
1 = —1 which means that the controller has to make sure that
the rotor does not undergo a reverse whirl. For the condition
Rc = Rjeyy, to avoid redundancy, we need to take the value
ofn =0.

5. DYNAMICS OF ROTOR WITHOUT
STABILIZING STRATEGY

The rotor is rotated at a speed beyond wy;. There is no
eccentricity. The rotor was given an initial momentum in x-
direction. The bond graph model shown in Fig. 4 is a very
good tool for creating mathematical models of complex sys-
tems having interplay of several energy domains in a unified
manner. The plot in Fig. 3a shows that orbit keeps on increas-
ing with time and Fig. 3b shows that the shaft power drawn
increases monotonically at a very fast rate.
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5.1. Stabilization of Rigid Rotor Using Whirl
Orbital Response

For stabilization of the rotor, the design parameter Rc
should be determined by some response function which is re-
lated to power going for whirling motion only and which is not
at all related to power which is rendered to the shaft load. The
orbital area is one such response function. However, an even
better response function would be X2 + Y;2. In the following
simulations this function is implemented by taking,

t
A%
R.=axV2 —0—,8*/‘/2 dt + o * ;tmp

13)

amp amp

0

The Figs. 5a and 5b shows the vibration amplitudes in fixed
and rotating frames for balance shaft with a relatively large
shaft load. This strategy stabilizes the rotor even with such
shaft loads as expected. The stabilizing action of the controller
is completely visible from Fig. 5c. Initially the shaft-drawn
power increases until a peak and thereafter decreases mono-
tonically and the excess power drawn is returned back to the
system, thus stabilizing the shaft.

Figures 6a and 6b is the response shown of the same shaft
with eccentricity of 1.0 x 10™* with this proposed stabilizing
strategy. This is an extremely satisfactory dynamic behavior of
the rotor.

An alternative orbit response function could be the sum of
absolute values of orthogonal velocity components in rotation
frame as follows.

t

R/C = (a * Vips + 0 % /Vabsdt + o * dVabs/dt); (14)
0

. r oo
V= (X D)+ D] a9
The below response shows the vibration amplitudes in fixed
and rotating frames for a balanced shaft with a relatively large
shaft load, R; = 0.001 Nms. The power drawn by the shaft
fluctuates about the load and then settles at this value once the
whirl is stabilized.

Though initially the theory of stabilization was built on the
basis of power drawn by the shaft, for other considerations like
shaft load and eccentricities, one of the orbital response func-
tions, like square of velocity amplitude or sum of absolute val-
ues of orthogonal components of velocities in a frame rotating
with the rotor, should be a favored function. The square of the
velocity amplitude is proportional to that part of shaft-drawn
power which fosters whirling of the shaft, whereas the abso-
lute velocity sum is a function which increases with area and
thus we can actually get the power drawn by the shaft to create
the whirling motion. In fact, in adapting one of these strategies,
one has not departed from the original proposal but modified it
for a broader set of operating conditions.

6. ORTHOGONAL SEPARATION OF VARI-
OUS MODAL COMPONENTS OF A UNI-
FORM EULER BERNOULLI BEAM TYPE
ROTOR

The Euler Bernoulli beam equation is given by:

pAY (z,t) + EIO*Y (x,t)/8z* = 0. (16)

Let the solution of this differential equation be given as
y = Y (z)cos(wt), here Y (x) is given by natural motion of
the beam.

The beam model now can be written as:

(—pw?Y (x) + EI1d*Y (z)/da*) cos(wt) = 0; (17)
k* = Apw?/EI; (18)

k= (Apw*/ET)'/*; (19)

Y (z) = 1/k*(d*Y (z)/da?); (20)

Y (z) = Acos(kz) + Bsin(kx) 4+ C cosh(kz) + D sinh(kz).
21
Boundary Conditions can be used for the following com-
binations to find out the value of ‘k’ and the modal frequen-
cies w: pinned-fixed or fixed-pinned; pinned-free or free-
pinned; pinned-guided or guided-pinned; fixed-free or free-
fixed; fixed-guided or guided. A pinned-free type of beam
structure is considered.
Consider the i;;, mode:

w?Y(z) = £dY i (x) /dx?. (22)
Consider the j;;, mode:
wiY j(x) = £d'Y j(x)/dat. (23)

Multiplying the first equation by Y} and the second equation
by Y; we get the following equations for i # j:

wlYYj = €Y ;d'Y i(x) /da; (24)
wiY ;Y = Y,d'Y () /da. (25)
Integrating the above equations we get:
¢ t
w? / Y.Yj.de=¢ / Y;d'Y;/dz*dx; (26)
0 0
¢ t
w? / Y.Vj.de=¢ / Y;d*Y ;/dxtda. 27)
0 0
Subtracting the above two equations we get:
l
(w? — w?)/Yindx =0. (28)
0
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Figure 4. Simple rotor model with stabilizing strategy incorporated.

The orthogonal condition will thus become:

l

/Yinda: =0 for i#j.
0

(29)

The above property can be used for modal separation of
beam frequencies. Further the normalized equation can be
given by:

(30)

Y (x) are normalized ortho-normal modes which will sat-
isfy:

€29

Y; = (cosh(g; * (L — x)) + cos(q; x (L — x))
— (sinh(q; * (L — x)) + sin(q; * (L — 2)))/VL;  (32)

¢ % L = 3.966, q1, qo % L = 7.0686, g3 *+ [ = 10.2102,
ga*L = 13.3518 and in general fori > 4 ¢; = (4xi+1)*7/4.

7. MODELING OF ROTOR SYSTEM WITH
FLEXURAL MODES ATTACHED

There may be several ways of modeling dynamical systems.
The governing equation for the rotor system with the spinning
dampers can be shown below,

m{y}:
dH R H R R

This way of writing the model equation is good but it does
not reveal from where the circulating force (which is the third
term on right side) imports power. The physics behind the dy-
namics of this system remains obscured. Alternatively, a bond
graph model may be created. As bond graphs are portrayals of
power and information exchange within the system and with
an external environment, bond graphs may give better clues to
this issue. The model reveals that the regenerative power of cir-
culating forces comes to the system from the drive through gy-
ration actions as modeled using a pair of gyrators. The regen-
erative power of circulating forces comes to the system from
the drive. The component of the velocity of the mass center of

2>

< B
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Figure 5. (a) X displacement of the shaft in fixed frame. (b) X displacement
in rotating frame. (c) The shaft drawn power.

()

0.79895

0.40470

0.01046-

X* - Velocity in fixed frame

T T 1
447.0 670.5 894.0

T

(b)

0.79724

0.39368

-0.39290

X* - Velocity in rotating frame
o
o
o
o
~
~J

-0.78630
0.00

447.0 670.5

T

2235 894.0

Figure 6. (a) X displacement of the shaft in fixed frame rotating using whirl
orbital response. (b) X displacement of the shaft in frame using whirl orbital
response.

the disk may be written as follows:

T = & — ew * sin(wt + ¢); (34)
Um = U + ew *x cos(wt + ¢).

The smart structure (piezo-actuator), which will be provid-
ing the actual controlling action, will be rotating along with
the rotor structure; therefore, it is important for us to model all
dynamics in rotating coordinates. The fundamental equations
for the basic transformations are as follows,

Xp = cos0X +sin0Y + (—sin X + cos GY)é; (35)

Y, = —sinfX + cos Y + (—cosOX —sinfY)d.  (36)

The piezo-actuators are all coupled together in a crystal-like
structure. The entire structure rotates along with the shaft;
therefore, all dynamics are seen from the rotating frame.

8. BRIEF DISCUSSION ON
THE SIMULATION

Two sets of simulation results are shown below. In sec-
tion 8.1, no active stabilizing controller is used and the tuning
parameters are kept at zero value. In section 8.2, the controller
is actively used and the rotor attained stabilization, which is
shown in the simulation results below.
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Figure 7. (a) Rotational displacement of the center in fixed frame. (b) Rota-
tional displacement of the center in rotating frame. (c) Shaft drawn power. (d)
Average shaft drawn power.

Zero Frequency Mode

Connected to smart coupling

Figure 8. Bond graph model of zero-frequency mode.

8.1. Rotor Response Without Active
Stabilization

From Fig. 10a we observed that the simulation result contin-
ues to show an unstable spiral-like orbit in rotating frame for
zeroth mode of oscillation. Further, Fig. 10b shows that the ro-
tor still exhibits unstable whirl with respect to fixed reference
frame. Figure 10c shows the first modal component in static
frame and as the controller tuning parameters are kept at zero,
the dynamics are virtually uncontrolled and show an unstable
whirling motion. Higher modal components — the second and
third modal component in static frame — shows whirl-like in-
stability as the controller is not in action and the dynamics are
uncontrolled. The above simulated dynamics portray the non-
potential nature of the circulating force with non-vanishing
curl as discussed in the previous section which drives the shaft
to become unstable and the shaft continues to draw power from
the constant speed drive.

8.2. Stabilization of the Rotor with Attached
Controller

To stabilize the rotor, the active stabilizer is attached with
the system. The tuning parameters are given by a finite value.

Though with much smaller gains the system gets stabilized
but has a somewhat longer simulation time. The stable re-
sponses of the rotor, due to active stabilization, are shown be-
low. From Fig. 11a, the active stabilizing controller is attached
with the rotor system and the controller has already stabilized
the zeroth mode with its control action. We can also see that the
stabilization can be seen from the convergence of whirling mo-
tion at a definite value both for X and Y directions. Figure 11c
shows the first modal component getting stabilized by the con-
troller action. We have already given some values to the tuning
parameters unlike in case 1 where the controller was kept out
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Figure 9. The integrated Bond graph model with three flexural modes.

Table 1. Simulation parameters for the rotor.

Parameter name | Tentative value | Remarks

ShaftAngSpeed 150 Shaft Angular Speed in Hz.

BeamLen 0.4 Length of the Rotor Shaft.

RadRotor 0.04 Radius of the Rotor Shaft.

Rho 7800.0 Density of Rotor Material.

E 2.1e+10 Young’s Modulus of Rotor
Material.

Nulnt 0.0004 Internal Damping Parameter.

NuExt 0.0004 External Damping Parameter.

RadCp 0.08 Radius of Coupling

Repl 1.0e+5 Axial Damping of Coupling

Kepl 1.0e+8 Axial Stiffness of Coupling

PM_Eps 0.000001 Equivalent unbalance of
eccentricity PenMode

FLM1_FIMn 1 Flexural Mode Number
(Integer >0)

FLM1_EpsMn 0.000001 Modal Eccentricity.

FLM2_FIMn 2 Flexural Mode Number
(Integer >0)

FLM2_EpsMn 0.000001 Modal Eccentricity.

FLM3_FIMn 3 Flexural Mode Number
(Integer >0)

FLM3_EpsMn 0.000001 Modal Eccentricity.

PM_RaPM 2.0 Pendulum Mode External
Damping

SlcResF 1 SlcResF: Orbital Response
Function =1

Alf 0.0 Alf

Beta 0.0 Beta

Sigma 0.0 Sigma

Table 2. Controller tuning parameters.
Alfa 1.0E+4

Beta 1.0E+12
Sigma | 10.0

of action by giving them zero values. Higher modal compo-
nents that are the second and third modal components in static
frame are stabilized with convergence of the whirling motion.
It is easily seen that in spite of the non-potential nature of the
circulating force which rendered instability in an uncontrolled
rotor system, it is smoothly stabilized by the whirl orbital re-
sponse control action.

9. CONCLUSION

The influence of shaft flexibility causing participation on
flexural modes on the efficacy of the proposed stabilization
strategy is studied. Rotors are assumed to be rotating at
medium speeds, i.e., speeds which are high enough to render
the pendulum or tool mode unstable when no active stabiliza-
tion is in action. The ratification reported in the final phase
of the work also creates ground for stabilization of very high-
speed rotors. However, this study is confined to medium- speed
(as defined above) rotors.
separation was possible using the normalized orthogonal op-
erations and how the modal bond graph could be drawn us-
ing Symbols Sonata. For Low flexural modal oscillations, we

We could also show how modal

International Journal of Acoustics and Vibration, Vol. 23, No. 3, 2018

351



A. Mukherijee, et al.: WHIRL ORBITAL RESPONSE CONTROL OF MICRO ROTORS WITH FLEXURAL MODES

(@) (b)
1.737e-5 2.091e-4
] % //\
£ — >
+ 9.38%-6 £ 1.105e-4
i) (]
o T £
: : %
-— Y=
x =
T 1.401le-6 £ 1.189%-5
z @ : (@
g g
0 z
T-6.586e-6 5-8.673¢-5
ke IS
o u:o ____/
-1.457e-5 . : ; . -1.853e-4 . ! - .
-1.624e-5 -8.864e-6 -1.48le-6 5.902e-6 1.328e-5 -2.235e-4 -1.185e-4 -1.366e-5 9.126e-5 1.961le-4
Plate disp. in X dir. in rot. frame Rotor swing in stat. frame in X dir.
(c) (d)
8.191e-6 1.297e-6
(0]
o
//H q_-
4.276e-6 6.206e-7

3.607e-7

' NS

W)

1st modal diff. in Y dir. in stat. frame

e
A

-3.554e-6 -7.336e-7
-7.469e-6 . : : . -1.410e-6 : : : !
-7.071e-6 -3.304e-6 4.633e-7 4.230e-6 7.998e-6 -1.381e-6 -7.312e-7 -8.066e-8 5.699%e-7 1.220e-6
1st modal diff. in X dir. in stat. frame 2nd modal diff. in X dir. in stat. frame

4.643e-7

T

\
2
-4.244e-7 /

-4.005e-7 -1.870e-7 2.643e-8 2.39%e-7 4.534e-7
3rd modal diff. in X dir. in stat. frame

2.421e-7

1.994e-8

-2.022e-7

)

3rd medal diff. in Y dir. in stat. frame

Figure 10. (a) Plate Displacement of Y direction in rotating frame. (b) Rotor swing of Y direction in static frame. (c) 1% modal deflection of Y direction in
static frame. (d) 2" modal deflection of Y direction in static frame. (e) 3" modal deflection of Y~ direction in static frame.

could stabilize the system using the existing stabilizing strat- REFERENCES
egy but we need to check the efficacy of this control strategy
for higher modal frequencies in future work. Presently, we ' Crandall, S.H., Karnopp, D.C., and Kurtz, D.C. Dynamics

have taken a constant speed motor whose dynamics are rela- of mechanical and electromechanical systems, McGraw-
tively much stronger than the whirling shaft but in the future Hill, (1968).

we need to extend the work on the effects of the whirling shaft

on the dynamics of the motor and nature of imbalances which ~ > Holmes, ~ R. Nonlinear  performance  of
may occur in the motor side due to the rotating shaft. squeeze film bearings, J. of Mechanical En-

gineering  Science, 14 (1), 74-77, (1972).
https://dx.doi.org/10.1243/JMES_JOUR_1972 014 _011_02

3 Margolis, D.L. Bond graphs, normal modes and vehicular

352 International Journal of Acoustics and Vibration, Vol. 23, No. 3, 2018


http://dx.doi.org/10.1243/JMES_JOUR_1972_014_011_02

A. Mukherijee, et al.: WHIRL ORBITAL RESPONSE CONTROL OF MICRO ROTORS WITH FLEXURAL MODES

(@) (b)
3.894e-6 /\ 4.761e-5 /ﬁ_\\
»5_ 2.003e-6 > 2.342e-5
c 2
5 1.132e-7 / @ \ \ £ 7 63307 //// ‘ \\\
NN LN )
%-1.7776-6 :é—2.495e-5
-3.668¢-6 ké E-4 914e-5 T
. -3.656e-6 I -1.774e-6 ‘ 1.067e-7 ‘ 1.988e-6 I3.869e—6 . -4.895e-5 ‘ -2.479e-5 ‘ -6.404e-7 ‘ 2.351e-5 ‘ 4.767e-5
Plate disp. in X dir. in rot. frame Rotor swing in stat. frame in X dir.
(© (d)
1.784e-6 2.912e-7

/

2nd modal diff. in Y dir. in stat. frame

—

-

)

el
)

W)

))

1st modal diff. in Y dir. in stat. frame

S—

-1.826e-6 - : : - -2.999e-7 : ; : .
-1.849%e-6 -9.31%e-7 -1.468e-8 9.025e-7 1.819%e-6 -2.974e-7 -1.491e-7 -9.053e-10 1.473e-7 2.956e-7
1st modal diff. in X dir. in stat. frame 2nd modal diff. in X dir. in stat. frame

(e)
9.987e-8
_\_\\

° %\\
£ //N
o
= 4.996e-8
8
w0
-E - // \\\\
24,735¢-11 / (i ‘
£ \ N /
- ]
ES
w-4.986e-8
°
9]
E /
2 _/
m

-9.978e-8

-1.013e-7 -5.120e-8 -1.022e-9 4.915e-8 9.934e-8
3rd modal diff. in X dir. in stat. frame

Figure 11. (a) Plate Displacement of Y direction in rotating frame. (b) Rotor swing of Y direction in static frame. (c) 1% modal deflection of Y direction in
static frame. (d) 2" modal deflection of Y direction in static frame. (e) 3" modal deflection of Y~ direction in static frame.

structures, Vehicle System Dynamics, 7 (1), 49-63, (1978). 6 Rosenberg, R.C. and Karnopp, D. Introduction to physical
https://dx.doi.org/10.1080/00423117808968551 system dynamics, McGraw-Hill, New York, (1983).

7 Margolis D. L., Karnopp, D. C., and Rosenberg, C. R. Sys-
tem dynamics: a unified approach, John Wiley and Sons,
(1990).

Margolis, D.L. Bond graphs for distributed sys-
tem models admitting mixed causal inputs, J.
Dyn. Sys., Meas., Control, 102 (2), 94-100, (1980).

https://dx.doi.org/10.1115/1.3149602 8 Kirillov, O. N. Gyroscopic stabilization in the presence

of non-conservative forces, Dokl. Math., 76 (2), 780-785,

5 . . .9
Margolis, D.L.  Dynamical models for multidi- (2007). https://dx.doi.org/10.1134/S1064562407050353
mensional structures using bond graphs, J. Dyn.
Sys., Meas., Control, 102 (3), 180-187, (1980). 9 Glebov, V. V., Sorokin, V. M., Puchkov, V.P. and Ignat’ev,
https://dx.doi.org/10.1115/1.3139631 D. A. Eliminating vibrations in the face grinding of glass,

International Journal of Acoustics and Vibration, Vol. 23, No. 3, 2018 353


http://dx.doi.org/10.1080/00423117808968551
http://dx.doi.org/10.1115/1.3149602
http://dx.doi.org/10.1115/1.3139631
http://dx.doi.org/10.1134/S1064562407050353 

. Mukherjee, et al..: WHIRL ORBITAL RESPONSE CONTROL OF MICRO ROTORS WITH FLEXURAL MODES

20

Russian Engineering Research, 27 (5), 305-308, (2007).
https://dx.doi.org/10.3103/s1068798x07050164

Bou-Rabee, N.M., Marsden, J. E., and Romero, L.
A. Dissipation-induced heteroclinic orbits in tippe
tops, SIAM  Review, 50 (2), 325-344, (2008).
https://dx.doi.org/10.1137/080716177

Margolis, D.L. A survey of bond graph mod-
eling for interacting lumped and distributed sys-
tems, J. Franklin Inst., 319 (1-2), 125-135, (1985).
https://dx.doi.org/10.1016/0016-0032(85)90069-9

Simo, J.C. and Vu-Quoc, L. On the dynamics of flex-
ible beams under large overall motionsthe plane case:
part ii, J. Appl Mech., 53 (4), 855-863, (1986).
https://dx.doi.org/10.1115/1.3171871

Meirovitch, L. and Baruah, H. On the robustness of
independent modal space control method. Journal of
Guidance, Control, and Dynamics, 6 (1), 20-25, (1983).
https://dx.doi.org/10.2514/3.19797

Book, WJ., and Majette, M. Controller design for
flexible distributed parameter mechanical arm via com-
bined state space and frequency domain techniques, J.
Dyn. Sys., Meas., Control, 105 (4), 245-254 (1983).
https://dx.doi.org/10.1115/1.3140666

Burke, S.E. and Hubbard, J.E., Jr.
trol of simple supported beam using spatially distributed
actuator, IEEE Control System Mag., 7 (4), 25-30, (1987).
https://dx.doi.org/10.1109/MCS.1987.1105349

Active vibration con-

Plump, J.M., Hubbard, J.E., Jr., and Bailey, T. Nonlinear
control of a distributed system: simulation and experiment
results, J. Dyn. Sys., Meas., Control, 109 (2), 133-139,
(1987). https://dx.doi.org/10.1115/1.3143830

Baz, A. and Poh, S. Experimental implementation
of modified modal space control method, Journal
of Sound and Vibration, 139 (1), 133-149, (1990).
https://dx.doi.org/10.1016/0022-460X(90)90780-4

Morris, K. and Vidyasagar, M. A comparison of differ-
ent models for beam vibrations from standpoint of control
design, J. Dyn. Sys., Meas., Control, 112 (3), 349-356,
(1990). https://dx.doi.org/10.1115/1.2896151

Nathan, P.J. and Singh, S.N. Sliding mode control and elas-
tic mode stabilization of a robotic arm with flexible links,
J. Dyn. Sys., Meas., Control, 113 (4), 669-676, (1991).
https://dx.doi.org/10.1115/2896473

Tani, J., Chonan, S.S.K., Liu, Y. Takahashi, F,
Ohtomo, K., and Fuda, Y. Digital active vibration
control of a cantilever beam with piezo electric actua-
tors, JSME Int. Jour. Series 3, 34 (2), 168-175, (1991).
https://dx.doi.org/10.1299/jsmec1988.34.168

21

22

23

24

25

26

27

28

29

30

31

32

33

Tzou, H.S. Distributed modal identification and vibration
control of continua: piezoelectric finite element formula-
tion and analysis, J. Dyn. Sys., Meas., Control, 113 (3),
500-505, (1991). https://dx.doi.org/10.1115/1.2896438

Tzou, H.S., Tseng, C.I., and Wan, G.C. Distributed
structural dynamics control of flexible manipulatorsi.
structural dynamics and distributed viscoelastic actua-
tor, Computers and Structures, 35 (6), 669-677, (1990).
https://dx.doi.org/10.1016/0045-7949(90)90412-U

Smith, R.D. and Weldon, W.FE. Nonlinear control of a rigid
rotor magnetic bearing system: modeling and simulation
with full state feedback, IEEE Transaction on Magnetics,
31 (2), (1995). https://dx.doi.org/1010.1109/20.364771

Vaz, J. A. C. Theoretical and experimental studies on the
dynamics and control of intelligent beam structure with spe-
cial reference to flexible manipulators, PhD Dissertation
Department of Mechanical Engineering, Indian Institute of
Technology, 1995 Kharagpur, Pin 721 302, India.

Mukherjee A., and Sengupta, S. Active stabilization of
rotors with circulating forces due to spinning dissipation,
Journal of Vibration and Control, 17 (10), 1509-1524,
(2011). doil0.1177/1077546310380728

Mukherjee, A. and Sengupta, S. A proposal for ac-
tive control of face abrasive tool wandering, Journal
of Vibration and Control, 17 (14), 2175-2186, (2011).
https://dx.doi.org/10.1177/1077546311402708

Holmes, R., Nonlinear  performance  of
squeeze film bearings, J. of Mechanical En-
gineering Science, 14 (1), pp. 74-77, (1972).

https://dx.doi.org/10.1243/IMES_JOUR_1972_014_.011_02

Mukherjee A., Karmakar, R., and Samantaray, A.K. Bond
graph in modeling, simulation and fault identification, 1.K.
International Pvt. Ltd., New Delhi, (2006).

Baz A. and Poh S., Performance of an active Control Sys-
tem with Piezo electric actuators, Journal of sound and
Vibration, 126(2), p.327-324, (1988).

Halder B., Mukherjee A., and Karmakar R., Theoretical
and Experimental Studies on Squeeze Film Stabilizer for
Flexible Rotor-Bearing Systems Using Newtonian and Vis-
coelastic Lubricants Jr. of Vibration and Acoustics, Trans-
action of ASME, 112(4), 473-482, (1990).

Preumont A., Dufour J. and Malekian C., Active Damping
by a Local force Feed Back with Piezo Actuatotrs, Journal
of Guidence and control., 12(2), pp. 390-395, (1992).

Active stabilization of rotors with circulating forces due
to spinning dissipation Journal of Vibration and Control
September 2011 17: 1509-1524, November 22, 2010

A proposal for active control of face abrasive tool wander-
ing Journal of Vibration and Control1077546311402708,
first published on May 20, 2011

354

International Journal of Acoustics and Vibration, Vol. 23, No. 3, 2018


http://dx.doi.org/10.3103/s1068798x07050164
http://dx.doi.org/10.1137/080716177
http://dx.doi.org/10.1016/0016-0032(85)90069-9
http://dx.doi.org/10.1115/1.3171871
http://dx.doi.org/10.2514/3.19797
http://dx.doi.org/10.1115/1.3140666
http://dx.doi.org/10.1109/MCS.1987.1105349
http://dx.doi.org/10.1115/1.3143830
http://dx.doi.org/10.1016/0022-460X(90)90780-4
http://dx.doi.org/10.1115/1.2896151
http://dx.doi.org/10.1115/2896473
http://dx.doi.org/10.1299/jsmec1988.34.168
http://dx.doi.org/10.1115/1.2896438
http://dx.doi.org/10.1016/0045-7949(90)90412-U
http://dx.doi.org/1010.1109/20.364771
http://dx.doi.org/10.1177/1077546311402708
http://dx.doi.org/10.1243/JMES_JOUR_1972_014_011_02

	Introduction
	ANALYSIS OF ROTORS WITH INTERNAL DAMPING
	FLEXIBLE ROTOR WITH SMART COUPLING AND DRIVE
	THRESHOLD SPINNING SPEED AND STABILIZING STRATEGY
	Stabilization Algorithm with Whirl Orbital Response Control

	DYNAMICS OF ROTOR WITHOUT STABILIZING STRATEGY
	Stabilization of Rigid Rotor Using Whirl Orbital Response

	ORTHOGONAL SEPARATION OF VARIOUS MODAL COMPONENTS OF A UNIFORM EULER BERNOULLI BEAM TYPE ROTOR
	MODELING OF ROTOR SYSTEM WITH FLEXURAL MODES ATTACHED
	BRIEF DISCUSSION ON THE SIMULATION
	Rotor Response Without Active Stabilization
	Stabilization of the Rotor with Attached Controller

	CONCLUSION
	REFERENCES

