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Exploiting gyroscopic effects for resonance
elimination of an elastic rotor utilizing only one

piezo actuator
Jens JUNGBLUT , Daniel FRANZ, Christian FISCHER , and Stephan RINDERKNECHT∗∗∗

Institute for Mechatronic Systems, Technical University Darmstadt, 64287, Germany

Abstract. A gyroscopic rotor exposed to unbalance and internal damping is controlled with an active piezoelectrical bearing in this paper. The
used rotor test-rig is modelled using an FEM approach. The present gyroscopic effects are then used to derive a control strategy which only
requires a single piezo actuator, while regular active piezoelectric bearings require two. Using only one actuator generates an excitation which
contains an equal amount of forward and backward whirl vibrations. Both parts are differently amplified by the rotor system due to gyroscopic
effects which cause speed-dependent different eigenfrequencies for forward and backward whirl resonances. This facilitates eliminating reso-
nances and stabilize the rotor system with only one actuator but requires two sensors. The control approach is validated with experiments on a
rotor test-rig and compared to a control which uses both actuators.
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1. INTRODUCTION
Rotational machines are omnipresent in the technical world and
can be found in a wide range of applications, ranging from
DC motors to jet turbines. The used rotors are always subject
to remnant unbalance which causes a harmonic excitation of
the mechanical structure. This is especially a problem in res-
onances where the vibrations can reach critical levels and po-
tentially damage the system. Rotors are balanced to reduce the
excitation level but additional attenuation might be required
for passing resonances. An example of a passive measure is
squeeze-film dampers which increase the damping of the rotor
system.

An alternative for passive measures is active systems such
as active bearings which can be mainly categorized into ac-
tive magnetic bearings and active piezoelectric bearings. Both
can be used to increase the damping of the system [1, 2] and
thus replace squeeze-film dampers. Using an appropriate con-
trol strategy allows for advanced vibration reduction. The active
systems can for example be used to eliminate unbalance vibra-
tions [3,4], prevent resonances [4,5], suppress chatter of milling
machines [6,7], and reduce gear mesh vibrations [8]. The main
advantage of magnetic bearings over piezoelectric bearings is
the levitation of the rotor which results in minimal friction dur-
ing operation, but requires a constant energy supply. Piezoelec-
tric bearings on the other hand behave like passive bearings in
case of a power failure and are able to support heavy rotors
due to the high stiffness of the piezo ceramics. However, these
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ceramics are subject to hysteresis which causes self-heating of
the actuators during operation potentially leading to its destruc-
tion [9].

Both active systems have the disadvantage of high costs, es-
pecially caused by the required power amplifiers. The active
bearings can generate forces/displacements perpendicular to the
rotational axis of the rotor which facilitates the generation of
forward and backward whirl vibrations. The question arises if
it is possible to reduce the number of actuators in an active bear-
ing to reduce the costs. This would restrict the active system to
generate forces/displacements only in one direction. This ap-
proach is not suited for active magnetic bearings since both di-
rections are required to stabilize the rotor but is viable for ac-
tive piezoelectric bearings since they can support the rotor even
without actuation. Thus, we will only investigate active piezo-
electric bearings in this paper.

The literature on piezoelectric bearings focused mainly on
the control approach in the past. Palazzolo [10] was the first one
to implement an active piezoelectric bearing and demonstrated
its functionality with a PD-controller. More complex controls
such as LQR [11] and H∞ [12, 13] were then implemented.
However, it is sufficient to use a simple control approach com-
prising integral force feedback (IFF) for increasing damping
and the least mean squares algorithm (LMS) for eliminating
harmonic vibrations [4, 14]. All control strategies have utilized
two piezo actuators, see Fig. 1, for vibration control so far.

We take a new approach in this paper by investigating the vi-
ability of using only one piezo actuator instead of two. We use
the controller from our previous publications [4, 14] to validate
the achievable vibration reduction on a real rotor system. How-
ever, the control objective has to be adapted to the use of only
one actuator which is the focus of this paper. Thus, the novelty
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Fig. 1. Used rotor test-rig. It comprises two discs which are mounted on the shaft with clamping sets. The first bearing plane (Bearing 1) is
active while the second one is operated passively

of this paper lies within the analysis of the achievable vibra-
tion reduction of general rotors when using only one actuator.
There will be no investigation on the best-suited control algo-
rithm which was a focus of our previous publications [4,14]. We
first introduce and model the used rotor test-rig. Afterwards, the
drawbacks of using only one actuator are discussed. Then, the
control approach is presented and validated with experiments
on the test-rig.

2. MODELLING
Subject of this paper is the control of the rotor test-rig depicted
in Fig. 1. The rotor comprises two discs which are mounted
throughout clamping sets on the rotor which cause additional
internal damping. The first disc is overhanging which causes
strong gyroscopic effects. The displacements of both discs are
measured each in y and z-direction with eddy current sensors.
The rotor rotates around the negative x-axis with the rotor speed
Ω. The first bearing plane (Bearing 1) is actively operated while
the second one is operated passively. Each active bearing com-
prises two piezo actuators, allowing one to move the rotor in the
spanned y,z-plane. Each actuator is prestressed with a spring in
order to ensure permanent contact with the ball bearing. The
bearing forces are measured in each y- and z-direction with
piezoelectric force sensors directly beneath the piezo actuators.
We use a first-order Butterworth highpass filter with a cut-on
frequency of 1Hz to eliminate static forces in the measured
signal. Furthermore the runout of the discs was measured at
100rpm and is subtracted from the measured displacements.
An incremental encoder is used to measure the instantaneous
angle ϕ of the rotor.

We join the displacements and forces from the y- and z-
direction into one complex time signal respectively in the form

F = Fy + iFz, rw = rw,y + irw,z with i =
√
−1, (1)

where F are the bearing forces in Bearing 1 and rw the displace-
ments of Disc 1. The indices y and z denote the respective di-

rection of the real-valued time signals. The rotor system is dis-
cretised into 35 nodes with a linear FEM-approach in the form

Mr̈s +
(
D+ΩG

)
ṙs +Krs = Kεεε +nad33KaU(t− τ), (2)

where M is the mass matrix, D the damping matrix, G the scaled
gyroscopic matrix, K the stiffness matrix, Ka the actuator stiff-
ness matrix, na the number of layers of the piezo stack actuator,
d33 the piezoelectric constant in 33-direction and τ the delay
time. The vector rs contains the centres of gravity and corre-
sponding tilting angles at each node while εεε comprises the ec-
centricities at each node. U = Uy + iUz represents the complex
actuator voltage of the first bearing plane which is subject to
the delay time τ caused by the time discrete real-time system,
power amplifiers and sensors. We assume isotropic bearings for
this model. For a detailed model description of the test-rig refer
to [4, 14].

We can describe the dynamics of the system compact in the
frequency domain using the transfer functions H in the form

L {F}= HF(Ω,Ω)L {U}, L {rw}= Hw(Ω,Ω)L {U}, (3)

where L {} represents the Laplace-transform and Ω the excita-
tion frequency. We can separate the steady-state response into a
sum of harmonic vibrations in the form

F = ∑
k

HF(Ω = k Ω)Ûk eikΩt , (4)

where k ∈ R is the rotor order and Ûk the complex amplitude
of the actuator voltages corresponding to this order. The steady
state vibrations for the displacements are defined analogously.

The absolute values of the open-loop transfer functions from
the FEM-model are depicted in Fig. 2 for the first forward and
backward whirl order along with the eigenfrequencies in depen-
dency of the rotor speed. The gyroscopic effects cause a sepa-
ration of forward and backward whirl resonances with increas-
ing rotor speed. The first order passes the first forward whirl
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Fig. 2. The eigenfrequencies are shown in dependency of the rotor speed as well as the absolute values of the open-loop transfer functions
|HF |(Ω = ∓Ω,Ω) (actuator voltages to bearing forces in Bearing 1) and |Hw|(Ω = ∓Ω,Ω) (actuator voltages to disc displacements of Disc 1)

for the first forward and backward whirl order k =∓1 respectively. The legends are shared among the plots

resonance at 49Hz while the first backward whirl resonance is
passed at 34Hz. The second resonance is passed at 108Hz and
91Hz for forward and backward whirl respectively. We will
take advantage of this property when only using one actuator
for control.

Figure 3 shows a semi-passive run-out of the rotor where
IFF was activated automatically at 106Hz due to high forces
in order to prevent damage. Furthermore, a slow run-up with
25rpm/s is shown which uses IFF to dampen and stabilise the
system. The measurement shows the necessity of damping for
the system since it cannot be operated without active control.
We will use the measurement with only IFF as a reference for
the later implemented controller since we cannot perform a pure
passive measurement.

3. CONTROL APPROACH
We chose the combination of IFF and LMS for control as al-
ready addressed in the literature review. We will only introduce
the control algorithm briefly and will focus on the optimal con-
trol voltages afterwards. A thorough discussion of the control

algorithm for the used test-rig can be found in our previous pub-
lications [4, 14].

IFF is a simple PT1 feedback of the bearing forces for in-
creasing damping which yields the update equation

UIFF[n+1] = (1− γIFF kIFF ∆t)UIFF[n]+ kIFF ∆t F [n], (5)

where kIFF ∈ R is the amplification factor, γIFF ∈ R≥0 the for-
getting factor and ∆t the sample time of the real-time system.
It is important to note that there is no interaction between the
real and imaginary part, meaning that forces in y-direction only
cause voltages in y-direction and forces in z-direction only volt-
ages in z-direction.

We use the LMS algorithm as an adaptive feedforward con-
troller to minimize the harmonic bearing forces F and disc dis-
placements rw. Using the normalized form of the LMS yields
the multi-input-single-output update equation

ÛLMS,k[n+1] = (1− γLMS ∆t)ULMS,k[n]

− α ∆t
[

H∗F
|HF |2+δF

,
H∗w

|Hw|2+δw

]
Wk

(
F [n]

rw[n]

)
e−ikϕ , (6)
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Fig. 3. Semi-passive run-out with −440rpm/s, (IFF activated at 106Hz) and run-up with IFF and 25rpm/s. The maxima of the absolute values
are plotted within a ∆Ω = 0.05Hz moving window for better visibility. The legend is shared among all plots

ULMS[n+1] = ∑
k

ÛLMS,k[n]eikϕ , (7)

where α ∈ (0,2) is the step size, W the weighting matrix, γLMS
to forgetting factor which performs a weighting of the output
voltages and δF = 0.1N2/V2, δw = 1µN/V2 the safety mar-
gins to prevent high step sizes in zeros of the transfer functions.
The final control output is given by the sum of both IFF and
LMS control voltages. The given control is sufficient to reduce
the vibrations present in the given rotor system as shown in [4].
We will now discuss the viability of only using one actuator in
a bearing plane for which we chose the actuator in y-direction.
Thus, only the real part of the complex voltage is used for con-
trol which yields

U = Re
{
−Ûe−iΩt

}
=

1
2
−Ûe−iΩt +

1
2
−Û∗eiΩt , (8)

for a forward whirl excitation, where {}∗ represents the conju-
gate complex and −Û is the voltage amplitude for the forward
whirl. Using only one actuator yields a voltage signal which
contains an equal amount of forward and backward whirl. Thus,
half of the excitation is converted to backward whirl when us-
ing only the real part of a forward whirl excitation and vice
versa. We make some simplifications for better readability in
the following where the vibrations of the passive system only
comprise the first forward whirl order yielding the steady state
vibrations

F = F̂ε e−iΩt +
1
2
−HF

−Ûe−iΩt +
1
2
+HF

−Û∗eiΩt

with ∓HF = HF(Ω =∓Ω),

(9)

where F̂ε is the complex force amplitude caused by the un-
balance. Only the forward whirl amplitude −Û is considered
for active control since the backward whirl amplitude cannot
be chosen independently. We furthermore neglect the displace-
ments of the rotor, omit the index k and will only consider the
steady state forces for the investigations.

3.1. Minimizing vibrations in one direction
The given update equation of the LMS equation (6) assumes
complex output voltages which are equal to two actuators in
one bearing plane. The algorithm can be changed in such a way
that it only minimizes the vibrations in either y or z-direction
which would only require measuring the vibrations in either y
or z-direction. This approach would further only require one
actuator in the active bearing.

Eliminating the real part of the forces equation (9) yields the
optimal voltage amplitude

−Ûopt =−2
F̂ε

−HF ++H∗F
(10)

leading to a maximum force of

Fmax = 2
|+HF |

|+HF +−H∗F |
|F̂ε |

with F =
+H∗F

+H∗F +−HF
F̂ε e−iΩt −

+HF
+HF +−H∗F

F̂∗ε eiΩt .

(11)

The question arises if we can achieve a better result by mini-
mizing only the forward whirl vibrations. We will introduce the
second approach first and compare them afterwards.
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3.2. Minimizing the forward whirl vibrations
It might be intuitive to eliminate the forward whirl vibrations
directly. However, we require two sensors in the bearing plane
to do so since we cannot distinguish between forward and back-
ward whirl vibrations otherwise. The forward whirl vibrations
can be eliminated with the optimal amplitude

−Ûopt = 2
F̂ε

−HF
(12)

which yields the maximum force

Fmax =
|+HF |
|−HF |

|F̂ε | with F =
+HF
−H∗F

F̂ε eiΩt . (13)

This approach directly trades forward whirl vibrations for back-
ward whirl vibrations. We can now compare both approaches
and select the best-suited approach for our test-rig.

3.3. Comparison of the approaches
Both approaches need a voltage amplitude which is twice as
high as for the case of using two actuators in order to eliminate
the vibrations. Thus, the required current for driving the piezo

actuator and the self-heating caused by the hysteresis increases.
We will focus on the residual vibrations for the following dis-
cussion.

Table 1 summarizes the maximum residual forces for three
cases where the passive system only comprises forward whirl
vibrations. The first case assumes that the rotor shows no gy-
roscopic effects. The second and third cases assume that one
transfer function, either the one of the forward or the backward
whirl, is dominant. This is the case in resonances when the rotor
shows strong gyroscopic effects which split the resonances of
forward and backward whirl as can be seen in Fig. 2. Both ap-
proaches do not reduce the maximum forces for the case of a ro-
tor without gyroscopic effects and are not viable for implemen-
tation in this case. However, both approaches are able to reduce
the vibrations in the presence of gyroscopic effects for specific
cases. The vibrations can be reduced if |−HF | > |+HF | is ful-
filled when the passive vibrations only contain forward whirl
vibrations. In the case of only backward whirl vibrations in the
passive case, the condition |−HF | < |+HF | has to be fulfilled.
Otherwise, the vibrations will be increased for both approaches.
Furthermore, we see that minimizing the forward whirl directly
(backward whirl when the passive system only comprises back-

Wk=1 =


diag

(
σ

(
|HF |(Ω = Ω)

|HF |(Ω =−Ω)
−1
)
,σ

(
|Hw|(Ω = Ω)

|Hw|(Ω =−Ω)
−1
))

for Ω < 3300rpm

diag
(

σ

(
|HF(Ω = Ω)|
|HF(Ω =−Ω)|

−1
)
, 0

)
otherwise

(14)

Wk=−1 =


diag

(
σ

(
|HF |(Ω =−Ω)

|HF |(Ω = Ω)
−1
)
,σ

(
|Hw|(Ω =−Ω)

|Hw|(Ω = Ω)
−1
))

for Ω < 3300rpm

diag
(

σ

(
|HF(Ω =−Ω)|
|HF(Ω = Ω)|

−1
)
, 0

)
otherwise

(15)

Wk=−2 =

diag
(

σ

(
|HF |(Ω =−2Ω)

|HF |(Ω = 2Ω)
−1
)
,σ

(
|Hw|(Ω =−2Ω)

|Hw|(Ω = 2Ω)
−1
))

for Ω < 1750rpm

diag( 0 , 0 ) otherwise

(16)

Table 1
Maximum residual forces for both approaches for different cases. Note that the resonance cases assume (high) gyroscopic effects which split

the forward and backward whirl resonances. Furthermore, the unbalance vibrations only contain forward whirl vibrations

Residual No gyroscopic effects Forward whirl resonances Backward whirl resonances

force Fmax
(
+HF = −H∗F

)
Fmax

(
|−HF | � |+HF |

)
Fmax

(
|−HF | � |+HF |

)
One direction

∣∣F̂ε

∣∣ 2
|+HF |
|−HF |

|F̂ε | 2 |F̂ε |

Forward whirl |F̂ε |
|+HF |
|−HF |

|F̂ε |
|+HF |
|−HF |

|F̂ε |
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ward whirl vibrations) leads to a factor of two lower remain-
ing vibrations than minimizing the vibrations in one direction
for the approximation |−HF | � |+HF |. Thus, we chose the ap-
proach of eliminating the whirl vibrations directly even though
we require two sensors to do so.

3.4. Control implementation
We have to adjust the LMS equation (6) in such a way that it
only reduces the vibrations corresponding to the current dom-
inant transfer function −HF or +HF . This can be realized with
a rotor speed variant weighting matrix Wk = Wk(Ω). We fur-
thermore use this matrix to only minimize the displacement up
to a rotor speed of 3300rpm for the first order. The second or-
der will only be controlled up to 1750rpm. The displacements
are only required for eliminating the first resonance and better
performance can be achieved without them afterwards as dis-
cussed in [4]. We chose to control the orders k = (1,−1,−2).
The resulting weighting matrices are given by equation (14),
equation (15) and equation (16), where diag() represents a di-
agonal matrix of the given entries and σ the unit step function

σ(x) =

{
1 for x > 0,

0 for x≤ 0.
(17)

We furthermore have to consider that half of the excitation is
lost in the not targeted whirl vibrations which can be realized by
multiplying the step size of the algorithm by two. The amplifi-
cation factor of IFF has to be increased, in comparison to an im-
plementation with two actuators, for the same reason. The con-
troller parameters are listed in Table 2. We use the same speed-
dependent weighting matrices for the implementation with two
actuators with the difference σ(x) = 1 ∀x.

Table 2
Controller parameter for the used experiments

kIFF γIFF α γLMS

Two actuators 800 0.1 1.5 0.1

One actuator 1100 0.1 3.0 0.1

4. EXPERIMENTS
We perform two experiments to evaluate the performance of the
control with only one actuator. Run-ups with 25rpm/s are used
to estimate the steady solution while the control with only IFF

and two actuators is used as a reference for the passive case. The
real-time system is operated at a sample frequency of 6kHz.
The unbalance state of the rotor is listed in Table 3 with the
corresponding measured rotor speeds. The runout (radius-wise)
of Disc 1 and Disc 2 is approximately 0.05mm each.

Figure 4 shows the control results. The first important obser-
vation is that the control with one actuator is able to stabilize the
system. However, in order to do so, an amplification factor of
kIFF > 1000 is required while the closed control loop becomes
unstable for kIFF ≥ 1200. The first small peak at 14Hz corre-
sponds to the third-order forward whirl which is not controlled.
The following three peaks at 22, 35 and 49Hz correspond to the
second forward whirl order, the first backward whirl order and
the first forward whirl order exciting the first forward/backward
resonance respectively. The control with one actuator is able to
eliminate the resonances completely. We see slightly higher dis-
placements compared to the control with two actuators. Never-
theless, it can be concluded that the control with one actuator
is well suited for these resonances since the backward and for-
ward whirl resonances are well separated.

The forward whirl transfer functions |−HF | become bigger
than |+HF | after 94Hz which leads to an increasing actuator
voltage when using only one actuator. The control is able to re-
duce the vibrations in the second resonance between 100 and
120Hz to below 50N in the first bearing plane which is signifi-
cantly less than the 700N during the semi-passive run-out. The
remaining vibrations and required actuator voltages are higher
compared to those of the control using two actuators. This is in
accordance with the theory since the controller trades the for-
ward whirl vibrations for backward whirl vibrations and half of
the excitation gets lost in the backward whirl. However, we can
see a worse performance of the controller after 120Hz, com-
pared to the control which only uses IFF with two actuators,
where the forces show peaks. The vibrations contain mainly
first order backward whirl vibrations which is expected. The
two peaks close by 125Hz mainly contain third-order forward
whirl vibrations which excite the third and fourth forward whirl
resonances. The remaining vibrations in the peaks are of higher
order and cannot be directly linked. The actuation in one di-
rection seems to trigger non-linear effects which lead to these
peaks. Thus, the LMS control does not perform well in these
areas where the backward and forward whirl resonances are
not well separated anymore. The actuator voltage drops fast at
154Hz due to the forgetting factor and |−HF | < |+HF |. The re-
maining IFF control with one actuator achieves similar perfor-
mance as the control with IFF and two actuators.

Table 3
Measured unbalances of the rotor. The mass of Disc 1 is 1.63kg and 1.82kg for Disc 2

Balancing mode Unbalance Disc 1 in gmm Unbalance Disc 2 in gmm Rotor speed in rpm

Ridged rotor 190.0 267.0 1000

Eigenform 1 5.4 0.0 2800

Eigenform 2 0.8 1.4 5900
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Fig. 4. Control results for three run-ups with 25rpm/s. The maxima of the absolute values are plotted within a ∆Ω = 0.05Hz moving window
for better visibility. The legends are shared among all plots

5. CONCLUSION
A gyroscopic rotor system with active piezoelectric bearings
has been modelled with FEM. Afterwards, the viability of a
control using only one actuator instead of two was discussed.
The theory showed that controlling the whirl vibrations in their
respective resonances leads to lower remaining vibrations than
eliminating the vibrations in a single direction. This only works
for gyroscopic systems which have separated forward and back-
ward whirl resonances. The control approach with one actuator
was then experimentally investigated and compared to a con-
trol using two actuators. We can conclude the following from
the experiments:
• Using one actuator requires gyroscopic effects which sepa-

rate the forward and backward whirl resonances sufficiently.
• IFF with one actuator only requires one sensor and is suf-

ficient for suppressing the instability caused by internal
damping. IFF is especially efficient since it mainly acts in
resonances where the absolute values of the transfer func-
tions for forward and backward whirl differ the most for

well-separated resonances. The required voltage for this
control is in the same range as for a control with two ac-
tuators.

• Forward and backward whirl vibrations can be efficiently
reduced in their respective resonances for well-separated
resonances.

• Using the LMS outside of the resonances caused side effects
which leads to worse results than a simple IFF control with
two actuators. Thus, the LMS should only be used in the
vicinity of resonances.

The findings for the IFF control with one actuator are especially
interesting. This control induces damping and is somewhat the
replacement for a squeeze film damper. Thus, we can project the
results on passive damping systems meaning that they are only
required to produce forces in one direction as well. This can
be helpful during the design process for both active and passive
systems since the main load of the system, e.g. by gear meshing
or the gravitational forces, could be supported by a passive and
stiff structure. The direction with less load could then be used
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to implement the piezo actuator or the passive damping unit
which would reduce the load requirements and thus the costs of
the overall system. Hence, gyroscopic effects have the potential
to reduce the overall costs of the system when considered at the
beginning of the design process.
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