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Abstract
To achieve higher bypass ratios and thus increase efficiency, high-speed planetary gearboxes are applied
to geared turbofan engines. The gear meshing inside the gearbox causes high-frequency vibration that can
potentially be uncomfortable for passengers in terms of airborne noise. In this work, a system for active
vibration control using inertial mass actuators is proposed. One of the key challenges in the design of the
system is the high frequency range around 5 kHz of the gear mesh vibration. The system requirements
regarding frequency range and force are identified experimentally using a planetary gearbox test rig. The
choice, design and development of the inertial mass actuator is presented. Piezoelectric shear actuators are
selected due to their comparatively small electric capacitance, which is advantageous for the power amplifier.
A simulation allows the optimization of actuator and amplifier properties. Parameters of the used models are
identified experimentally. The performance of the final actuator-amplifier-unit is tested using the test-rig. The
achievable vibration reduction is presented and results are discussed.

1 Introduction

High-speed and high-power lightweight planetary gearboxes are under development for use in future geared
turbofan engines. In contrast to current engines the rotation speeds of fan and turbine can be chosen
independently. More efficient engine designs are expected with planetary gearbox technology. The gearbox
however causes additional high-frequency vibration and noise resulting from gear meshing. This noise can
potentially be uncomfortable for passengers, especially as the gear mesh frequency will be in the range of
3 kHz to 5 kHz where the human ear is very sensitive.

The goal of the presented research is to develop a system for active vibration control (AVC) that can be applied
to high speed planetary gearboxes. The objective of the projected system is twofold: To reduce the gear mesh
noise as well as to allow more efficient gearbox designs. The idea is that using an AVC system, louder but
more efficient gearbox design variants can be selected. That is because initially louder designs can be actively
quietened down.

This contribution presents the development of an inertial mass actuator with a piezoelectric shear actuator that
can be used for active vibration control in the desired frequency range. First the current state of research is
analyzed and requirements are defined. Subsequently the design of the actuator using simulations is presented.
Finally the performance of the actuator is characterized experimentally. Using a sub-scale planetary gearbox
test rig the feasibility of active vibration control of high-frequency gear mesh vibration is demonstrated using
adaptive feedforward control.
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2 Requirements and current state of research

Requirements for the projected AVC system for planetary gearboxes have been defined using a sub-scale
test rig which is described later in this paper. Table 1 summarizes the requirements for the actuators. A
differentiation between two scenarios is given. One in which only the dominant vibration order is to be
canceled and another where the overall force shall be reduced. Especially the very high mechanical frequencies
are challenging to be canceled. With a given maximum mass of 0.1 kg it is possible to calculate the required
specific forces of the actuator.

Table 1: Requirements for actuators of projected AVC system for two scenarios.
Scenario Frequency in Hz Force in N Mass in kg Spec. Force in N/kg
Dominant order 85 4723 55 < 0.1 > 550
Overall force 4200-5150 158 < 0.1 > 1580

Inertial mass actuators, also known as proof mass actuators, are widely used in research concerning active
vibration control. In contrast to active mounts [1] where actuators are applied directly between structure to be
controlled and the environment, inertial mass actuators can be mounted in a more flexible way. These kind of
actuators can be used as add-on devices for AVC applications for existing machine designs. This flexibility
makes them very attractive.

This type of actuator consist of a spring-mass-system with an integrated active element and can be considered
as a point force generator when driven above its resonance frequency [2]. As shown in Fig. 1, inertial mass
actuators can be represented by a spring-mass system with the stiffness k and the inertial mass m, enhanced
by a damping d and a force actuator A [3]. At low frequencies up to the resonance frequency of the system,

Figure 1: Model of an inertial mass actuator with stiffness k, inertial mass m, damping d, force actuator A,
actuator force FA and force of the inertial mass actuator F .

the force actuator exerts a force FA onto the inertial mass which reacts with an in-phase acceleration. Above
the resonance frequency the force actuator works in counter-phase to the inertial mass, inducing a force F
into the mounting point and the connected structure.

In many cases, electrodynamic actuation is used to drive the inertial mass. For instance, inertial mass actuators
of this type were successfully used for prototyping of vibration control in car suspensions [4], train bogies [5],
or even for building floors [6]. Smaller units were deployed to lightweight panels [7, 8]. Restrictions in their
use can be caused by ultrahigh frequency applications, the use of rare earth magnets, geometry restriction of
electrodynamic actuators and the magnetic field of the permanent magnet. As an alternative, the integration of
piezoelectric elements into inertial mass actuators has been studied. Since those solid state actuators possess
an inherent high stiffness they can carry the inertial mass while providing high dynamic forces. Therefore
they are especially suitable for high frequency applications. In [9] several concepts are proposed, and a
piezoelectric disc actuator is used in a prototype set up. Also bending beam configurations were studied,
either with integrated stack actuators [3] or foils [10].
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The mentioned studies on piezoelectric inertial mass actuators pointed out their main advantages: If carefully
designed, the actuator system contains a low number of parts with no movables. In a collocated control loop
configuration together with an accelerometer, simple stable systems for active damping can be implemented
[2]. This approach has been successfully studied for lightly damped structures with high resonance peaks, e.g.
[8].

Table 2: Overview publications concerning inertial mass actuators for AVC after [11]. Principles are electro-
dynamic (ED), magnetostrictive (MS), dielectric elastomers (DE), electromagnetic (EM) and piezoelectric
(PE).

Publication Inertial mass
in kg

Frequency range
in Hz

Principle Force in N Spec. Force
in N/kg

[7] 0.022 70-1000 ED 2.5 114
[12] 0.23 70-200 ED n.s. n.s.
[13] n.s. 20-60 ED 1000 n.s.
[14] 0.022 80-250 ED n.s. n.s.
[15] 0.5 20-200 ED 50 100

[16] 0.22 167-1260 MS 40 182
[17] 0.32 150-350 MS n.s. n.s.
[18] 0.75 300-1200 MS n.s. n.s.
[19] 6.7 4-20 MS 1500 224

[20] 0.2 100-500 DE 4 20

[21] 1.2 40-200 EM 50 42

[22] 0.55 100-400 PE 200 364
[9] 0.15 260-1250 PE n.s. n.s.

[23] n.s. 500-4000 PE n.s. n.s.
[24] 1.08 50-200 PE n.s. n.s.

Zech et al. [11] 0.115 4700-9300 PE 117 1020

The authors have investigated the vibration excitation of small high-speed planetary gearboxes in [25]. Due to
modulation effects the vibration spectrum exhibits multiple sideband frequencies around the nominal gear
mesh frequency. Different approaches for order tracking in this context have been compared in [26]. An
overview of research concerning inertial mass actuators for AVC is given in Table 2 where characteristic values
of each developed actuator are depicted. Different working principles have been investigated from which
piezoelectric actuators seem best suited for the desired high frequency range. The authors have examined the
use of prestressed piezoelectric low-voltage stack actuators in [11]. As given in Table 2 this type of actuator is
well suited for the high frequency range. However as the used stack actuators have high capacitances of 1.5 µF
high-performance switching power amplifiers are required to drive them at high frequencies. High currents
need to be driven by the power electronics for high frequencies and capacitances [27] as described by

Imax = VppπfCa (1)

where Imax denotes the maximum current, Vpp the peak-to-peak Voltage, f the frequency and Ca the capaci-
tance of the actuator.

To circumvent the need for expensive high-performance power amplifiers this work investigates the use of
piezoelectric shear actuators. Compared to stack actuators they have the advantage of lower capacitances. The
shear actuator used in this work has capacitance of 90 nF which is smaller than the one of the stack actuator
used in [11] by a factor of 16. As consequence also the required driving current would be reduced by this
factor. Piezoelectric shear actuators have not been investigated in this context so far. This paper investigates
advantages and drawbacks of this type of actuator when compared with stack actuators.
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3 Simulation of shear actuator and amplifier

Supporting the design phase of the inertial mass actuator system, a simulation model is set up. The simulation
model enables the estimation of actuator system effect and the dimensioning of the single components.
The inertial mass actuator system consists of piezoelectric transducer, inertial mass and amplifier. For its
simulation a modular model approach for active vibration systems on base of impedances and admittances is
used [2]. An advantage of this approach is the compatibility of mechanical and electrical system components
as well as the modular exchangeability of single components. Furthermore the required data for the derivation
of the models can be achieved by analytical calculation, numerical simulation or experimental analysis.
The impedance-admittance model structure of the inertial mass actuator is depicted in Fig. 2 indicating the
exchange of power by the transmission of forces F , velocities v, differential velocity ∆v, input voltage Ui,
output voltage Uo and output current Io between the single system components. The model of the inertial mass
actuator can simply be enhanced by the models of the controller as well as the models of mass and elasticity
of the base structure. Thus the single components can be modeled independently and combined by its defined

Figure 2: Impedance-admittance model structure of the inertial mass actuator system consisting of piezoelectric
transducer, inertial mass and amplifier with forces F , velocities v, differential velocity ∆v, input voltage Ui,
output voltage Uo and output current Io.

power interfaces. In the case of the inertial mass actuator, the amplifier is modeled by an analytic-empiric
description based on experimental characterization results. Model inputs and outputs are input and output
voltage of the amplifier as well as output current of the amplifier according to Fig. 2. Inertial mass and
the piezoelectric transducer are analytically modeled. Their parameters are estimated through experimental
characterization. Model inputs and outputs are forces and velocities.

In this work, two voltage amplifiers for piezoelectric transducers, one analog and one switching amplifier
(Table 3) are investigated. Analog amplifiers regulate the power flow via power transistors, operating as
resistors. Although these resistors provoke an energy drain, analog amplifiers are characterized by high
signal quality at the amplifier output and robustness, which is independent of the load. In contrast to analog
amplifiers, switching amplifiers recuperate mechanical energy during unloading. The minimized loss of
energy into heat, enable compact design. Switching amplifiers also use transistors. In contrast to analog
amplifiers, they discretely switch between conductive and blocking state. The capacitive behavior of the
transducer and the limited switching frequency cause step-like changes at the output which can degrade signal
quality. For the derivation of the required model data, the amplifiers are experimentally characterized. The
amplifiers are loaded with film capacitors of different capacity in the range of typical, suitable piezoelectric
actuators. In contrast to piezoelectric actuators, the used capacitors can be considered as linear. The results of
the experimental characterization are depicted in Fig. 3. The switching power amplifier achieves unexpected
high signal quality, probably related to its very high switching frequency.

The derived most characteristic properties of the amplifiers as results of the shown experimental characteriza-
tion are described in Table 3. The analog amplifier is better suited for the shear actuator as it is able to drive
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Figure 3: Experimental characterization of an analog and a switching voltage amplifier: Peak to peak voltage
and total harmonic distortion (THD) for different capacitors. Left: Analog amplifier PIA-1115-2020. Right:
Switching amplifier PI-E617.

Table 3: Characteristic properties of the amplifier, according to the experimental characterization.

Image

Model PIA-1115-2020 PI-E617
Type Class AB Class D (100 kHz)
Voltage @ 5 kHz and 0.1 µF 76 V 45 V
Voltage @ 5 kHz and 1 µF 13 V 35 V
Total harmonic distortion @ 5 kHz 25 % (0.1 µF) 3.3 % (1 µF)

the 0.1 µF capacitance at higher voltages than the switching amplifier. The switching amplifier in turn is better
suited for stack actuators as it is able to drive the 1 µF capacitance at higher voltages than the analog amplifier.

For this reason the analog power amplifier PIA-1115-2020 is chosen and numerically identified. The
identification follows the methodology proposed by [28]. A high order behavior of the amplifier is taken into
account to achieve good phase correlation.

As piezoelectric actuator, several transducer topologies can be used. Due to its very low capacitance, shear
actuator make lowest demands on power electronics. Due to the required high frequency range of operation,
the shear actuator concept is chosen and evaluated in this work.

At high frequencies, the output voltage of the amplifier is limited in dependence to the capacitance of the
piezoelectric actuator. In order to derive low amplifier output voltage, the inertial mass actuator is designed
in such way, that its dynamic resonance fr meets its operating frequency at approx. 4 kHz. Doing so, the
amplification of the voltage to force ratio by the dynamic resonance can be used. Since the stiffness k is
predefined by the chosen actuator, the mass m has to be calculated via fr =

√
(k/m)/2π. In order to
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Figure 4: Left: Experimental characterization of the shear actuator. Right: Resulting frequency responses
from actuator voltage to tip displacement with different inertial masses.

estimate the stiffness of the actuator, the actuator is excited with a broad band signal with three different
masses attached to it.

The measurement setup and the measurement results are depicted in Fig. 4. On base of the experimental
characterization, the actuator stiffness could be identified to 3.97 Nµm−1 using a linear regression. The
moving mass of the actuator (without additional mass) is calculated to be approx. 3 g. The identified actuator
parameters as well as the identified power amplifier parameters were integrated into the system simulation
(Figure 2). The additional mass is numerically estimated to be 8 g in order to tune the resonance frequency
of the inertial mass actuator to the frequency range at approx. 4 kHz. Fig 5 (left) depicts the results of the
numerical simulation for an input voltage sweep from 0 Hz to 6 kHz with 1 kHz per second. As numerically
predicted, the result of the experimental characterization (Fig 5 (right)) show that the resonance frequency of
the finally realized inertial mass actuator system lies in the expected frequency range.
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Figure 5: Left: Producible forces in simulation. Right: Measurement of resonance frequency of piezoelectric
shear actuator with 8g of additional inertial mass and an analog voltage amplifier.

4 Adaptive feedforward control

The well known Filtered-x Least-Mean-Square (FxLMS) Algorithm is used in this work. However some
modifications are used. It belongs to the class of adaptive feedforward control algorithms and requires a so
called secondary path model. Figure 6 depicts the block diagram of the control algorithm. Reference signals
are generated using a measurement of the actual planet carrier angle ϕcarrier(n). This type of reference signals
is often called synthetic as no real vibration sensor are involved. The reference oscillators for the k-th planet
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Figure 6: Narrowband FxLMS algorithm for multiple vibration orders with phase-exact reference oscillators.

carrier order is calculated using

xa(n) = sin(kϕcarrier(n)) (2)

xb(n) = cos(kϕcarrier(n)) (3)

where n denotes the current time step. For each frequency to be canceled two output weights are calculated
with standard normalized update equations

wa,k(n+ 1) = (1 − αFxLMSγFxLMS)wa,k(n) + µ(n)xaf,k(n)e(n) (4)

wb,k(n+ 1) = (1 − αFxLMSγFxLMS)wb,k(n) + µ(n)xbf,k(n)e(n) (5)

where αFxLMS and γFxLMS denote step-size and forgetting factor, µ denotes the normalized step size, e the
residual error signal and xa,f and xb,f the reference oscillator signals after filtering with the secondary path
model Ŝ. The filtering with the secondary path model is done using one complex multiplication

xf,k(n) = Ŝ(n) · (xa,k(n) + ixb,k(n)) (6)

where Ŝ is the interpolated supporting point of the narrowband secondary path model and xaf,k(n) =
Re(xf,k(n)) and xbf,k(n) = Im(xf,k(n)). The normalized step-size µ is calculated in each time step using

µ(n) =
αFxLMS

x2af,k(n) + x2bf,k(n)
. (7)

The output of the k-th subsystem of the algorithm is

uk(n) = wa,k(n)xa,k(n) + wb,k(n)xb,k(n). (8)

Finally the overall output is the sum of the outputs for all carrier orders which can be described by

u(n) =

Z+N∑

k=Z−N

uk(n) (9)
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where N carrier orders around the nominal gear mesh frequency fmesh = Zfcarrier are to be canceled. Z
denotes the number of teeth of the ring gear. For the high desired frequency range a computational efficient
implementation of the control algorithm is required. Two strategies are used in this work to achieve a 50 kHz
closed-loop sampling frequency. Computational expensive convolution as needed when using FIR-filters
can be replaced by complex multiplication when using complex lookup tables as secondary path model.
Furthermore the update frequency of this complex lookup table can be chosen much lower than the update
frequency of the output weights. These two measures significantly reduce computational complexity and
therefore allow for the very high closed loop sampling frequency.

Figure 6 also shows that two kind of secondary path models are used in the simulation of the control algorithm.
The internal model in the control algorithm is a complex look-up table while the real secondary path is
modeled using a 1500-tap FIR filter.

5 Experiments

A
B C

D

E F E
G

H

Figure 7: Test rig with asynchronous motor (A), couplings (B), torque sensors (C), planetary gearbox (E),
eddy-current brake (F), shear actuator (G) and force sensor (H). Depicted is also the effective direction of the
actuator.

Figure 7 depicts the test rig which is used for experiments. An asynchronous motor drives the planetary
gearbox at a maximum speed of 10 000 min−1. An eddy-current brake generates torques up to 50 Nm. A small
spur-toothed planetary gearbox with a diameter of 60 mm, a gear ratio of 3 and 84 teeth on the ring gear is
used. The test rig is equipped with multiple vibration sensors from which only one force sensor is used in this
study as marked in Fig. 7 on the right side. The force sensor measures the force that is transmitted from the
gearbox vibration into the surrounding structure. The piezoelectric shear actuator is mounted such that its
effective direction conforms with the measurement direction of the force sensor. Signals are sampled at a
frequency of 50 kHz. A speedgoat performance real-time target machine featuring an Intel Core i7 3770K
3.5 GHz quadcore CPU is used for signal processing and implementation of the control algorithm.

For the experiments an operating point with a gearbox input speed of 10 000 min−1 and a braking torque of
20 Nm is selected. The nominal gear mesh frequency at this operating point is 4666 Hz. However the planet
carrier vibration order 85 (85 times the rotation frequency of the planet carrier) shows the highest vibration
amplitude at a frequency of 4722 Hz as depicted in Fig. 9 for the situation with deactivated control. This
vibration order 85 is selected for cancellation.

Figure 8 depicts the experimentally identified secondary path transfer function from actuator input voltage to
measured force. The transfer function is rather complex with many structure resonances that are visible in the
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Figure 8: Identified secondary path transfer function from actuator input voltage to force sensor. Given at the
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frequency range up to 10 kHz. The first eigenfrequency of the actuator is located at 2676 Hz. A specific force
of 0.41 NV−1 can be generated using the actuator at the desired frequency.
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Figure 9: Frequency spectrum of force signal without and with activated control algorithm.

Figure 9 depicts the results of the experiment with activated control algorithm. The control algorithm is
parameterized with αFxLMS = 3.8e−4 and γFxLMS = 2e−5. Using the piezoelectric shear actuator the target
order can be significantly reduced from 54.9 N to 3.9 N which corresponds to a reduction of 93 %. To achieve
this reduction an input peak-to-peak voltage of 120 V is required. This corresponds to 71 % of the maximum
output voltage of the power amplifier. The vibration orders 86 and 87 are worsened when order 85 is controlled
in Fig. 9. This phenomenon is investigated more in detail. For this purpose a simulation is conducted with a
setting according to Fig. 6 where a measured force signal is used and the secondary path model as shown
in Fig. 8 is represented by a 1500-tap FIR filter. In simulation and experiment the control algorithm is
parameterized identically. Figure 10 depicts the simulation results and a comparison with a measurement from
the experiment. Ordertracking based on least-mean-square algorithm is used to extract the amplitude of single
vibration orders from the overall force signal. This allows a more detailed analysis. The amplitudes of all
orders are slightly higher in simulation than in the experiment. That is because the vibration excitation shows
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variations when the same operating point is measured multiple times at the test rig. At a time of 0.5 s the
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Figure 10: Comparison of simulation and experiment. Depicted are the amplitudes of the individual orders.
Control is activated after 0.5 s (dashed line).

control algorithm is activated. Both simulation and experiment exhibit good agreement concerning reduction
speed and residual force for the target order 85. However while in simulation the other orders remain constant
this is not the case for the experiment where the amplitude of orders 86 and 87 are increased and order 88
is decreased. It is thus assumed that a coupling process between individual vibration orders exists in the
planetary gearbox which cannot be represented by a simple FIR model of the secondary path.

Table 4: Comparison of the investigated actuator amplifier combinations.
Investigation This contribution Zech et al. [11]
Actuator Type Piezo Shear Piezo Stack
Amplifier Type Analog Switching
Weight Actuator in kg 0.0269 0.115
Capacitance in µF 0.09 1.5
Measured Force in N (at 4.7 kHz) 49.2 117
Utilization Output Voltage 71% 33%
Theoretic max. Force in N 69.3 354.6
Theoretic specific Force per Weight in Nkg−1 2576 3083
Theoretic specific Force per Capacitance in NµF−1 770 236

Finally the performance of the investigated actuator amplifier combination is compared with another which
was examined by the authors in [11]. While the present work investigates the combination of piezoelectric
shear actuator and analog power amplifier in [11] a piezoelectric stack actuator combined with a switching
amplifier was used. Table 4 shows a comparison of both setups with their characteristics. It is interesting that
the combination with piezo stack actuator exhibits slightly higher forces per weight of about 3000 Nkg−1.
However the combination with shear actuator shows a force per capacitance that is more than three times
higher. This indicates that forces can be generated more efficiently regarding driving current using piezo
shear actuators than with piezo stack actuators. The reason for this is that less current is needed to drive
an actuator with lower capacitance after Eq. 1. This results in lower current requirements for the power
electronics. It has to be mentioned that the actuator amplifier combination investigated in this work operates
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at maximum voltages of 175 V while the combination in [11] has a maximum voltage of 120 V. Nevertheless
the combination investigated in [11] is better suited for AVC of the planetary gearbox as it is able to produce
more than five times higher total forces in the desired frequency range.

6 Conclusion

A combination of a piezoelectric shear actuator and an analog power amplifier was investigated for use in an
active vibration control system for planetary gearboxes. Power amplifiers were characterized experimentally
and a model was used to tune the inertial mass shear actuator to the desired frequency range. The work
revealed that the shear actuator is capable of actively reducing the most dominant vibration order of the
gearbox. Related to electric capacitance forces can be generated more efficiently using piezoelectric shear
actuators than with piezoelectric stack actuators. A coupling between amplitudes of individual vibration
orders was observed in the experiment. This phenomenon could be examined further in detail in future studies.
Furthermore the shear actuator should be scaled-up in order to be able to suppress multiple planetary gearbox
vibration orders in parallel.
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