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Abstract: This contribution presents a novel design approach for vibration assisted machining (VAM).
A lot of research has already been done regarding the influence of superimposed vibrations during a
milling process, but there is almost no information about how to design a VAM tool where the tool is
actually rotating. The proposed system consists of a piezoelectric actuator for vibration excitation, an
inductive contactless energy transfer system and an electronic circuit for powering the actuated tool.
The main benefit of transferring the required power without mechanical contact is that the maximum
spindle speed is no longer restricted by friction of slip rings. A detailed model is shown that enables
for preliminary estimation of the system’s response to different excitation signals. Experimental data
are provided to validate the model. Finally, some parts are shown that have been manufactured using
the contactlessly actuated milling tool.

Keywords: vibration assisted milling; surface texturing; contactless energy transfer; piezoelectric
transducer

1. Introduction

Conventional vibration assisted machining (VAM) comprising drilling, milling, turning, cutting
and grinding with small stroke superimposed vibrations on either the cutting tool or the workpiece
aims to improve the fabrication processes. It has been an active research area for more than 50 years
and has led to some products either as complete vibration assisted machine tools or as add-on vibration
tools for conventional machine tools. The main benefits are reduced cutting forces and tool wear,
or improvements in surface finishing and chip breaking [1–4]. Depending on the frequency and
amplitude of the superimposed vibration, cutting surfaces can be smoothed or textured [1–3].

Vibration assisted texturing (VAT) is a more recent variant of VAM aiming to fabricate textured or
structured surfaces by superimposing vibrations at the machining finishing process. Compared to
alternative texturing approaches, the advantages are the application for large surface area finishing
and cost reduction [5,6]. Furthermore, microstructured surfaces could be beneficial from a tribological
point of view [6,7].

Usually, in VAM and VAT, piezoelectric actuators are used, either driven in resonant or
non-resonant operation mode [1–3]. The resonant mode is restricted to a distinct vibration frequency
but comes along with smaller excitation voltage for a given displacement amplitude and compact
power electronics due to active power operation. In non-resonant mode, i.e., below the actuators’
first eigenfrequency, broad-band actuator excitation is possible at the cost of higher excitation
voltages for a given displacement amplitude and larger power electronic components due to
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apparent power operation. The vibration frequency and necessary stroke determine the type of
the piezoelectric actuator.

In VAM, when enhancing the machining process enhancement, e.g., cutting force and tool wear
reduction or chip breakage improvement, is the focus, the piezoelectric actuators are driven at a single
excitation frequency in resonance operation mode. The used frequencies are mainly in the ultrasonic
frequency range. The advantage of high vibration frequencies is a higher possible upfeed velocity and
thus decreased machining time at a given rate of vibrations per tool revolution [1] (p. 157).

Research in VAT is based on non-resonant piezoelectric actuation to allow for nearly arbitrary
periodic vibration forms of the tool tip. Both one- and two dimensional vibrations of either the
tool tip or the workpiece are under investigation. Almost all actuators designed for examining VAT
are non-rotating devices [8–11]. In [10], a 1D-actuator design was suggested and investigated that
allows for vibration frequencies from DC up to 40 kHz. This enlarged frequency range comes at the
cost of larger actuator volume. An off-the-shelf 1D-actuator for examining texturing under turning
processes was chosen in [8]. As an add-on tool for conventional machines, Ref. [11] developed a
2D-actuator for elliptic cutting processes with rotating workpieces. Similarly, Ref. [12] developed and
investigated an 2D-actuator for elliptic VAT in milling processes. There, the actuator is embedded in a
cooling chamber. Contrary to the others, in [9], it is not the tool that is actuated but the workpiece,
which limits their sizes. The application is also a milling process.

Up to now, only Ref. [13] suggests a milling tool with an integrated rotating piezoelectric actuator.
This tool allows for arbitrary cutting profiles. Using a specially shaped cutting plate, they showed
the possibility to cut nearly any pattern into the surface of an object. The main disadvantage of this
system is that the electrical power is transferred to the actuator using slip rings; therefore, the cutting
speed is limited by the maximum speed of these rings, which is determined by the contact friction.

Transferring the required power contactlessly could be beneficial since it allows for higher cutting
speeds and therefore shorter manufacturing times. In this contribution, a design procedure will be
shown for a contactlessly powered 1D-actuator mounted inside the rotating tool for exciting an axial
vibration during the milling process. Furthermore, an experimental setup will be shown that was both
used to validate the model and to be able to manufacture parts with a textured surface.

2. System Components

Figure 1 shows the structure of the proposed system. A piezoelectric actuator is used to
excite the axial vibration during milling. This actuator is built inside the rotating tool. Hence,
the power has to be transferred from the stationary primary part towards the rotating secondary part.
This is done contactlessly by a specially designed inductive system in order to be able to use high
rotational speeds. The primary part of this subsystem is then powered by a power electronic circuit.
These three main components are described in the following paragraphs.

2.1. Actuator

The actuator’s purpose is exciting small axial superimposed vibrations on the milling tool’s
horizontal feeding motion with variable frequency for microstructural surface modification or texturing.
In the special case considered here, a frequency range between 100 Hz to 1000 Hz is demanded. To gain
the high forces that come along with this requirement, a piezoelectric transducer was chosen. Using this,
it should also be possible to achieve high stroke amplitude compared to the ultrasonic approaches.
The demands were to excite forces up to 10 kN and a stroke of 10µm. Since piezoelectric actuators
need to be prestressed, the maximum possible force of the actuator needs to be significantly higher.
For this reason, an actuator with a blocking force of 23 kN and a no-load stroke of 30µm was chosen
(P-035.20P from PI Ceramics GmbH, Lederhose, Germany).

It is well known that piezoelectric transducers are not capable of sustaining shear stress. Since the
milling process comes along with lateral cutting forces, a mechanical structure is needed that is soft in
axial direction, where vibration is desired, but stiff in lateral direction. A specially designed flexure
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joint has been introduced for that reason. In addition, it is used for prestressing the actuator. For very
high lateral forces, a friction bearing has been inserted to prevent damage of the system.

2.2. Contactless Energy Transfer System

Transferring the power from the power electronics towards the actuator is usually done using
slip rings. As mentioned earlier, this concept is not suitable for high speed milling. For this reason,
the power is transferred contactlessly using an inductive system. In principle, this system is a
transformer where the primary and secondary part are separated by an air gap to allow relative motion
between these parts (see Figures 1 and 2).

stroke 
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Figure 1. Sketch and cross-sectional view of the construction of the vibration assisted milling tool.
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Figure 2. Sketch of the magnetic circuit.

The approach of using a frequency range and non-harmonic excitation instead of separately
transferring power and excitation signal is a consequence of the fact that the secondary part provides
no space for additional electronic circuits. It is designed to be as small in diameter and length
as possible to ensure low deformation due to cutting forces and low centrifugal forces when rotating at
high speeds up to 18,000 rpm. Therefore, the required power has to be transferred already shaped
according to the actuator’s desired input signal.

The design concept for the broad-band contactless energy transfer (CET) system also used for
this contribution is already presented by the authors in [14]. The proposed concept incorporates the
effects of leakage flux and eddy currents. The required input parameters and the calculated output
parameters are sketched in Figure 3.
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Geometry:
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fmax
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Material:
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Coil’s Geometry:
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N1, N2, dW,1, ...

Electr. Parameters:
I1, R1, L1, ...

input parameters calculation output parameters

Figure 3. Sketch of Design Process for the CET system as proposed by Silge et al. in [14].

Input parameters comprise geometrical restrictions, limiting parameters, material parameters,
but most importantly the apparent power that should be transferred, i.e., U2, I2. The required secondary
power is a direct consequence of the actuator choice. The primary voltage U1 can be chosen freely and
has been chosen as the rectified mains voltage in this special case. The geometrical parameters cannot
be chosen as freely. The air gap δ should be as small as possible while the primary and secondary side
still have be easy to assemble onto the milling machine. The inner radius of the secondary side ri,2

should also be as small as possible to keep centrifugal forces low, but it has to at least be big enough to
enclose the piezoelectric actuator and the wall around it. The height of the magnetic circuit h should
be chosen to be as large as possible since leakage flux decreases with the height of the circuit. This is
restricted by the length of the actuator and its prestress mechanism, i.e., the flexure joints in this case.
Finally, one has to chose a nominal frequency. This value should be the maximum frequency of the
desired vibration frequency range. This ensures that the secondary current can get at least as high as
the demand for the whole frequency range despite the inductive behaviour of the transformer.

Compared to single frequency actuator excitation, variable or broad-band actuator excitation
comes at the cost of lower CET efficiency. In single frequency operation, only the active power
needs to be transferred as normally the inductive parts are compensated by capacitances. This is the
case in ultrasonic VAM where contactless energy transfer is more common. Such a compensation is
not possible in broad-band CET operation as considered here. However, according to [15], the positive
effect of compensation towards efficiency is small when electromagnetic coupling in the CET is high.
The proposed CET has a leakage ratio σ = φσ,1/φ1 of about 7 %, hence coupling is k =

√
1− σ ≈ 0.96,

so CET efficiency should not be affected significantly (see Appendix A fur further details).

2.3. Power Electronics

The basic structure of the power electronic circuit is shown in Figure 4. The main component is a
bipolar drive in a half bridge topology. Both the supply voltages are provided by a rectifier
stage powered by the three-phase mains supply. The rectification is done using six diodes in
a B6 configuration.

The half bridge is built up with two n-channel power MOSFET switches with power freewheeling
diodes in parallel. The half bridge switches are driven by a dual galvanically isolated half bridge
driver controlled by a microcontroller.
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Figure 4. Schematic of electronic circuit. (a) basic structure of the electronic circuit; (b) simplifeid
schematic of the half bridge drive.

3. System Modelling

The system from Chapter 2 can be divided into four subsystems for further analysis. All of these
subsystems are described in detail in the following sections.

3.1. Electrical Model of the Primary Part with Power Supply

The stationary part consists of the primary part of the transformer, which is part of the contactless
power transfer system and the power supply. The transformer’s primary part can be modelled as a
voltage source providing the primary induced voltage ψ̇1 together with a resistive part R1. In order to
gain a model independent of the actual voltage supply, the excitation is considered as an ideal voltage
source u1. The equivalent circuit for this analysis is shown in Figure 5a. Kirchhoff’s voltage law gives

u1 = R1 i1 + ψ̇1 = R1 i1 + N1 φ̇1, (1)

where N1 is the number of turns in the primary coil and φ1 is the magnetic flux flowing through the
primary side.

3.2. Electrical Model of the Secondary Part with Piezoelectric Load

The piezoelectric actuator is powered by the secondary induced voltage of the transformer
ψ̇2. Piezoelectric actuators can be modelled as a capacitance in parallel with a current source that
provides a current proportional to the actuator’s velocity (time derivative of the stroke) ẋ. The constant
that connects the induced currents with the velocity is the electromechanical transmission factor α.
In addition, the secondary coil’s resistance R2 is considered. The resulting circuit is shown in Figure 5b.
Kirchhoff’s voltage law leads to

ψ̇2 = N2 φ̇2 = R2 i2 + u2, (2)

where N2 is the number of turns in the secondary coil and φ2 is the magnetic flux flowing through the
secondary side. Another equation arises from Kirchhoff’s current law,

i2 = CB u̇2 + α ẋ, (3)

where CB denotes the capacitance of the actuator in blocking mode.
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Figure 5. Equivalent circuits for electrical modelling. (a) primary part with power electronics;
(b) secondary part with piezoelectric load (dashed).

3.3. Model of Magnetic Circuit

The magnetic circuit of the CET system that has already been shown in Figure 2 is fundamentally
a transformer topology but with two main differences. In a standard transformer, the primary and
secondary magnetic flux are the same. In this system, the presence of the gap between the two
transformer parts leads to leakage flux φσ,1, φσ,2, illustrated in Figures 6 and A1, which has been
taken into account by means of introducing parallel flux paths via the reluctances Rm,σ1 and Rm,σ2.
In addition, different from a transformer designed to operate on mains power, this system is excited
with frequencies up to 1000 Hz, which increases the influence of eddy currents significantly. This
effect is modelled by magnetic inductances Lm,Fe1 and Lm,Fe2. The primary coil’s magnetic excitation
is modelled as a magnetic voltage source providing Θ1, the secondary coil’s excitation is Θ2. For this
subsystem, three equations are needed, namely

Θ1 = N1 i1 = Rm,Fe1 φ1 + Lm,Fe1 φ̇1 + Rm,σ (φ1 − φδ), (4)

Θ2 = N2 i2 = −Rm,Fe2 φ2 − Lm,Fe2 φ̇2 + Rm,σ (φδ − φ2), (5)

Rm,δ φδ = Rm,σ (φ1 − φδ)− Rm,σ (φδ − φ2). (6)
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Figure 6. Equivalent circuit for the magnetic circuit.

The leakage flux path corresponding to Rm,σ2 is newly introduced into the network and was not
part of the design process presented in [14]. Secondly, parametrisation of the air gap reluctance Rm,δ

has been altered in a way that stray flux around the gap is also considered to influence the value of
this parameter and finally the leakage reluctances Rm,σ1,2 are now calculated differently to account for
the inhomogeneous field distribution (see Appendix A.2 for further details).

3.4. Model of Mechanical Subsystem

The mechanical subsystem can be determined by the law of conservation of momentum.
The excitation force is provided by the piezoelectric actuator and is proportional to the voltage across
the actuator. Again, the constant connecting these two variables is the electromechanical coupling
factor α. The mechanical properties that are taken into account are the actuator’s mass mP as well as the
load mass mL, the stiffness of actuator cP and load cL and the damping coefficient of both actuator dP

and load dL. The actuators inertia effect is introduced with mP
3 in the equation of motion because it is
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assumed to be fixed at one end. By varying the load damping, one can analyse the effect of external
dissipative load forces as a consequence of the milling process. The equivalent circuit is shown in
Figure 7. Momentum conservation then leads to

α u2 = (mP
3 + mL) ẍ + (dP + dL) ẋ + (cP + cL) x. (7)
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Figure 7. Equivalent circuit for the mechanical subsystem.

3.5. State-Space Model and Transfer Functions

Taking Equations (1)–(7), a linear time-invariant state space model can be derived having an
order of 5. Solving Equations (1) and (2) for i1, i2 as well as Equation (6) for φδ and subsituting those
into the remaining equations results in the state-space model. The state variables are x, ẋ, φ1, φ2 and
u2. The input variable is u1. Using Laplace transform transfer functions can be calculated.

4. Model Analysis

4.1. Frequency Domain Analysis

To achieve insights about the system’s behaviour, the frequency response is analysed (see
Figure 8). For this analysis, the system is excited by a sinusoidal signal for the input voltage u1.
The parameters for this analysis are provided in Table A2. One can easily see that there are two
resonance frequencies. The first one is the electrical eigenfrequency of the secondary part’s inductance
and the piezo capacitance. The second one is the mechanical eigenfrequency resulting from mass and
stiffness. Both eigenfrequencies are a result of the design process and can therefore not be shifted to a
desired value as long as all the input variables shown in Figure 3 are not changed.

Since in this special case one of these frequencies is inside the operating frequency range,
the primary side’s voltage amplitude has to be controlled depending on the excitation frequency.

4.2. Surface Forming Analysis

Having calculated the frequency response, these results can be used to derive how the excitation
voltage u1 should be shaped to generate a predefined surface structure during the actual milling
process. This approach can be obtained using the inverse feed forward method. Therefore, the inverse
transfer function of x/u1 is used to calculate the desired input voltage signal according to the target
stroke signal. Since this transfer function has more poles than zeros, additional poles have to be
introduced after inversion, having sufficiently low time constants to ensure no significant change in
the frequency response within the frequency range of the system’s dynamics.
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Figure 8. Frequency responses of various process parameters of the modelled system.

Analysing the results shown in Figure 9, some limitations of this approach can be deduced.
Steps or other discontinuities result in infinite impulses in the excitation voltage signal. Since, in this
simulation, the voltage has been limited to the finite supply voltage, there is a huge deviation between
target and resulting signal, as can be seen in Figure 9c. Furthermore, signals that are not continuously
differentiable also lead to impulses that are impossible to realise, but there is a lesser effect on the
stroke signal, which is clearly shown in Figure 9b.

The target stroke therefore has to be continuously differentiable. For a pure sine wave, there is no
notable difference between the two signals (see Figure 9a). Discontinuous signals can be smoothed to
reduce the vibration excitation due to finite voltage like it has been done in Figure 9d.

Since this calculation results in continuous voltage signals for u1, an analogue electronic drive
would be needed to exactly follow the required signal. Assuming a sufficiently high switching
frequency, this continuous signal can be transformed into a pulse width modulated (PWM) signal for
half bridge supplies, but this is not within the scope of this contribution.

4.3. Surface Forming Realisation Using Switched Mode Power Electronics

As mentioned in the previous section, surface forming can be done by switching mode electric
drives using PWM. Alternatively, the drive could be switched at low frequencies i.e., the target
frequency of the stroke itself. This low frequency switching leads to a discontinuous mode meaning
that there are time intervals in each period where the current through the switches is zero. This
approach lacks the flexibility of PWM but is beneficial since during these phases the secondary current
i2 induces a voltage on the primary side, which can be used to determine the secondary voltage.
This information is important to assure that the voltage across the actuator does not exceed the
maximum allowed values at any time. The turn-on time of the transistors is controlled according to
the measured voltage level. This control strategy divides each half of one period into three different
phases as illustrated in Figure 10.
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(1). active switching phase: Either switch s1 or switch s2 are closed. During this phase, the half bridge
output voltage is roughly one of the supply voltages, u1 ∈ {−Us, Us}. The according transistor is
turned on, and the absolute value of the primary current i1 is rising. The length of this time
interval is determined by the control unit.

(2). free wheeling phase: Both switches s1, s2 are open. Free wheeling is a consequence of the fact
that the primary current is unable to step towards zero due to the inductive behaviour of the
primary coil. Since during this phase both switches are open, current passes through the opposing
diode. Hence, the half bridge output is connected to the opposite supply voltage and the primary
current’s absolute value is decreasing. The duration of this phase cannot be controlled. It lasts
until the primary current becomes zero.

(3). free vibration phase: Both switches s1, s2 are open. During this last phase, the primary current is
zero. Since voltage and current in the secondary part of the transformer are not necessarily zero,
there is an induced voltage at the half bridge’s output, u1, which can be measured for controlling
the turn-on time. In theory, it is possible that the induced voltage could exceed one of the supply
voltages. In this case, again, free wheeling would occur. Without significant load forces acting
on the piezoelectric actuator, this can never happen. This sequence repeats itself, alternatingly
switching s1 and s2.
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Figure 9. Simulation results of invers feed forward excitation. (a) sine wave signal; (b) triangular wave
signal; (c) rectangular wave signal; (d) pseudo rectangular wave signal.
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The control scheme for the transistor’s turn-on time has been chosen to be very simple.
During the free vibration phase, the secondary voltage is almost at its maximum and nearly constant
right after the switches have been closed. In addition, the re-induced primary voltage is proportional to
the secondary voltage in this phase. For these reasons, the turn-on time should be increased
(e.g., incremented by a constant value) when the secondary voltage is lower than the desired value and
vice versa. Controlling the turn-on time is not only necessary because there is a resonance frequency
within the operating frequency range. It is also mandatory to ensure that the secondary voltage is
independent of the load forces. Since milling dissipates energy, the secondary voltage would decease
without the control circuit.

The model proposed in Section 3 is capable of describing the system’s behaviour in phases 1 and 2.
In phase 3, the input variable changes towards the primary current since there is an induced voltage
due to secondary current flow, but no current is flowing through the primary side of the transformer.
During this phase, the order of the system decreases to 4. One can easily deduce the model for
this phase by setting i1 to zero in Equations (1)–(7). Using these two mathematical models and the
switching conditions between the three phases, a time simulation can be carried out. The results of the
simulation in the time domain are shown in Figure 10 for two exemplary frequencies.
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Figure 10. Results of the simulation in steady-state for different excitation frequencies. (a) excitation
with f = 500 Hz; (b) excitation with f = 1000 Hz.

5. Model Based Design Procedure

The design procedure, as proposed here, starts with the actuator design, followed by the CET and
finishes with the power electronics design:
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(1). Machining Process: The considered surface structuring processes determines the main parameters
for a periodic tool vibration in axial direction ( fmax, x̂, F̂): the maximum vibration frequency,
fmax, transferable by the actuator, the maximum vibration displacement amplitude, x̂, and the
maximum cutting force in axial direction, F̂, of the periodic motion.

(2). Actuator: Based on the machining process parameters, no-load stroke and blocking force
of the piezoelectric actuator are chosen, resulting in the design parameters ( fmax, U2, I2),
the nominal excitation frequency fmax, secondary voltage U2 and secondary current I2,
respectively. The primary electric voltage u1 is chosen according to available power systems,
e.g., three-phase power system in our case. All three parameters are input parameters of the
CET in Figure 3.

(3). CET system: Next, the magnetic and electric materials with parameters (Bmax, Jmax, ρCu, ρFe, µr)

as well as coil and magnetic circuit design parameters (tFe, kCu) can be chosen. What remains are
the input geometric parameters (ri,2, h, δ), which can be chosen as described on Section 2.2.

(4). After determining the CET, a system analysis must be carried out to check if the calculated
electro-magneto-mechanical system comprised of piezoelectric actuator and CET delivers a first
eigenfrequency at the border or beyond the nominal frequency fmax. If this is not the case, then
the CET system has to be redesigned using other input parameters.

6. Experimental Results

To show that the proposed mathematical model is capable of describing the system’s behaviour,
an experimental setup has been built consisting of a piezoelectric actuator powered by a transformer
with an air gap. The setup is shown in Figure A2. In the first step, the frequency response has been
measured in a small signal range using a frequency response analyser (N4L PSM1735) and an analogue
drive for u1 as a buffer instead of the half bridge drive. The measured data for the transfer function
u2/u1 is shown in Figure 11 together with the previously shown simulated one.
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Figure 11. Comparison between the modelled and measured frequency responses of the system with
no mechanical load forces.
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Figure 12. Measured signals compared to simulated values for an excitation frequency of 1000 Hz.
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Figure 13. Photos of exemplary parts manufactured using the vibration assisted milling tool (material:
aluminium alloy EN AW-6082; cutting parameters: spindle speed 3000 rpm, feed 420 mm/min, feed
per tooth 105 mm/min, cutting depth 0.5 mm; tool: HSS PM �12 mm; vibration: stroke ≈10µm.
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It can be clearly seen that the two functions fit well qualitatively, but there are deviations in distinct
characteristics like resonant frequencies, damping factors and the cut-off frequency. Since there are
tolerances when building up test setups and the simulated data has not been fitted to the measurements,
this deviation is acceptable.

Large signal measurements have been carried out using the aforementioned half bridge drive
operating in discontinuous mode as described in Section 4.3. The measured data has been recorded by
two digital oscilloscopes. The voltages have been measured using 100:1 probes, and currents have been
measured by 10:1 current probes. The stroke has been calculated by integrating the velocity signal of
a laser doppler vibrometer. As can be seen in Figure 12, the simulated signals match the measured
ones well. The most significant deviation between expected and real values occurs in the signal of
secondary voltage u2 because of a delay between the two values.

Furthermore, some example parts have been manufactured using the VAM tool, which are
shown in Figure 13. Different excitation frequencies have been used while keeping the machining
parameters given in Table A1 and the vibration stroke constant. One can see that the surface has been
structured during the milling process. Further investigations regarding the properties of these surfaces
have to be done. In addition, an investigation regarding the choice of the vibration’s frequency f
depending on the spindle speed nS needs to be done. For this, the ratio of these two parameters
β = f /nS can be defined. The parts shown in Figure 13 have been cut using a β in the range of six to
18 vibration cycles per tool revolution.

7. Conclusions

In this contribution, it has been shown how a contactlessly powered and piezoelectrically actuated
VAM tool can be designed. An experimental setup has been developed that provides the possibility to
verify the system’s behaviour predicted by the presented mathematical model. The correlation between
measured and modelled values is convincing, both in time and frequency domain. However, it has
been shown that the there are slight deviations between the absolute values.

Moreover, the experimental setup has been used to manufacture sample parts having a structured
surface. Further research has to be done regarding the properties of the machined surfaces.
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Appendix A. Parameterisation of the Mathematical Model

Appendix A.1. Parameters of Piezoelectric Actuator

The capacitance in blocked mode CB can be determined using the free capacitance CL,
the electromechanical transmission α and the actuator’s stiffness cP

CB = CL − α2/cP. (A1)

The values for α and cP can be determined using blocking force, idle stroke and maximum
voltage of the actuator, which are all given in the data sheet. The damping of the actuator dP is not
as easy to deduce. A typical value has been determined by assuming a damping ratio of 0.01 and
calculating the resulting damping coefficient. The same has been done to estimate the minimum
load damping.

Appendix A.2. Parameters of the Magnetic Circuit

The reluctances of the magnetic circuit can be estimated using the flux path length and its cross
sectional area,

Rm,Fe1 =
hCu + 2 bCu,1

µ0 µr π (r 2
Fe,2 − r 2

i,2)
and Rm,Fe2 =

hCu + 2 bCu,2

µ0 µr π (r 2
Fe,2 − r 2

i,2)
. (A2)

The geometrical parameters are defined as shown in Figure A1. The reluctance of the air gap
consists of two components, the reluctance of the actual gap Rm,δ,g and the reluctance of the stray
field Rm,δ,s,

Rm,δ,g =
2 δ

µ0 2 π ra,2 hFe
and Rm,δ,s =

1
0.26 µ0 · 2 π ra,2

. (A3)

These components are connected in parallel, so the air gap reluctance Rm,δ can be determined by
Rm,δ = Rm,δ,g||Rm,δ,s, where term Rm,δ,s describes the stray field around a cylindrical air gap
according to [16] (p. 409). The leakage flux reluctances can again be estimated by the leakage flux path
length and the area,

Rm,σ1 =
2 hCu

µ0 π (r 2
Fe,1 − r 2

i,1)
and Rm,σ2 =

2 hCu

µ0 π (r 2
a,2 − r 2

Fe,2)
, (A4)

but in this case magnetic flux is not equally distributed over the area because of the coil that is inside
this region. A correcting factor of 0.5 was used as an approximation neglecting the curvature of
the cores.

Estimating the magnetic inductances is the most difficult part. In general, the values are the
inverse of the ohmic resistance of the cores, hence

Lm,Fei = 1/RFe,i, i = 1, 2. (A5)

In our special case (laminated and slitted cores), the resistance was assumed to be equal for both
primary and secondary cores and was estimated as

RFe,1 = RFe,2 =
tFe hCu

2 ρFe 2 π ri,2
, (A6)

which showed to be overestimated by a factor of roughly 4. Since this value is of great importance for
the simulation results, some further investigations are needed regarding a better estimation for the
value of RFe.
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Figure A1. Sketch of the geometrical parameters of the contactless energy transfer system.

Appendix A.3. Numerical Values

In this work, the numerical values given in Table A2 have been used.

Table A1. Machining parameters for the first milling trials.

Workpiece
material aluminium alloy EN AW-6082

Cutting parameters
spindle speed 3000 rpm
feed 420 mm/min
feed per tooth 105 mm/min
cutting depth 0.5 mm

Cutting tool
material HSS PM
diameter �12 mm
number of cutting edges 4

Vibration
stroke ≈10µm
frequencies 0, 300, 600, 900 Hz

Table A2. Numerical values for the test setup and simulation.

Parameter Symbol Value Unit Data Source

Supply
supply voltage US 300 V 1

piezoelectric actuator
blocking force FB 23 kN 4
idle/no-load stroke xL 30 µm 4
electromechanical transmission α 15 N V−1 4 ∗

no-load capacitance CL 1.2 µF 4
mass mP 0.255 kg 4 ∗

stiffness cP 767 Nµm−1 4 ∗

damping coefficient dP 160 N s m−1 5
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Table A2. Cont.

Parameter Symbol Value Unit Data Source

Mechanical load
mass mL 0.832 kg 6
stiffness cL 383 Nµm−1 6
damping coefficient dL 360 N s m−1 5

Coils
primary windings N1 190 - 7
secondary windings N2 660 - 7
primary resistance R1 0.4 Ω 7
secondary resistance R2 5.5 Ω 7

Magnetic circuit
air gap δ 1.0 mm 2
inner radius (secondary part) ri,2 27.5 mm 2
outer radius (secondary part) ra,2 41.0 mm 7
coil width (secondary part) bCu,2 9.0 mm 7
inner radius (primary part) ri,1 42.0 mm 7
outer radius (primary part) ra,1 64.5 mm 7
coil width (primary part) bCu,1 21.0 mm 7
coil height hCu 54.0 mm 7
total height h 60.0 mm 2
relative permeability µr 500 - 3
thickness of laminated sheets tFe 350 µm 2
specific resistance ρFe 170 nΩ m 3

Data Sources: 1: Freely selectable; 2: scriptsize Input parameters for design of the contactless energy transfer
system (choice according to Section 2.2); 3: Material parameter; 4: Values from datasheet (∗ only implicitly
given); 5: Selectable with further assumptions, see Appendix A.1; 6: Given from mechanical design; 7: Output
parameters of CET design.

Appendix B. Experimental Setup

The photographs in Figure A2 show the experimental setup used to generate all the provided
data. The stationary primary part is mounted at the non-rotating part of the milling machine, whereas
the actuated tool is mounted instead of the conventional end mill holder.

Figure A2. Photos of the experimental setup, showing primary and secondary parts separately and
mounted together on a CNC milling machine.
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