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Abstract
Ultrasonic-assisted grinding (UAG) is the state-of-the-art process for machining of brittle-hard materials. In comparison to
conventional processes, the main advantages lie in the reduction of tool wear and process forces. Such a vibration system is
based on a resonant actuator and a power supply unit generating the alternating current. Both units are interconnected by a
contactless energy transfer (CET) system. This system configuration shows one optimal working point at the resonant frequency
with maximum amplitude, which is significantly depending on the tool shape. In this work, a piezo-activated tool system is
designed to realize non-resonant low-frequency vibrations. Major emphasis is put on the thermal behavior of the piezo drive,
particularly on the in-process heating depending on the working frequency. In addition, focus lays on the theoretical and
numerical design of the radial operating transducer CET system for a previously set actuator design. As a result, this system
configuration offers a fully variable adjustment of the amplitude from under 1 to over 50 μm at frequency range. Outside this
range, higher amplitudes can be achieved for short periods to the detriment of the fatigue strength according to FKM.
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Nomenclature
Ak Copper surface [mm2]
AØ Copper cross section [mm2]
a Copper surface height [mm]
b Copper surface width [mm]
Bmax Maximum magnetic flux density [T]
bCu Width of the cooper winding [mm]
dw1 Winding diameter [mm]
fmax Maximum frequency [Hz]
h Total height [mm]
hFe Core web height [mm]
I Current [A]
Jmax Maximum current density [T]
kCu Filling factor of the cooper winding [-]
k Coupling coefficient [-]

L Inductance [H]
M Mutual inductance [-]
N Winding number [-]
r Radius [mm]
ra Outer radius [mm]
ri Inner radius [mm]
rFe Iron radius [mm]
R Resistance [Ω]
Rm Magnetic resistance [A/Vs]
tFe Iron thickness [mm]
δ Dielectric power loss of the PZT [-]
φ Magnetic flux [Wb]
ρ Density [kg/m3]
μ0 Magnetic field constant [Vs/Am]
μFe Relative permeability of ferrite [Vs/Am]

1 Introduction

Today, a wide range of manufacturing applications use
vibration-assisted machining and employ the advantageous
process behavior. According to the definition of multiple
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researchers like Lauwers, the combination of manufacturing
technology with vibration support belongs to the hybrid
manufacturing processes [1, 2]. The developments on tool
side vibration began in the middle of the last century [3].
Today, vibration-assisted machining is incorporated in many
fields of application [4]. For new materials such as CFRP and
additively manufactured materials, the vibration-assisted ma-
chining (VAM) process is a capable technology [5, 6]. A field
of application in classic hard materials, for example, is the
optical industry with the processing of glasses and lenses
made of quartz glass or borosilicate crown glass (BK7)
[7–9]. During the grinding of brittle and hard materials ac-
cording to Inasaki, two crack systems, i.e., median/radial
cracks and lateral cracks, occur. The lateral crack system is
mainly responsible for material removal; the median/radial
crack system is responsible for a reduction of the strength in
the area of the crack system [10–12]. In comparison to actual
applications of vibration assistance in machining, which are
mainly focused on the use of high frequencies, the developed
system reveals new options in terms of the flexibility in
adapting amplitude and working frequency [13]. A matching
energy transmission concept was realized for the previously
fixed actuator design. Due to the rotation of the tool, this
energy supply solution is realized in the form of a contactless
energy transfer (CET) interface designed for machining appli-
cations [14]. The working frequency can be practically adjust-
ed in an appropriate range of 100 Hz to 1 kHz. Moreover, the
overall concept follows a low-cost approach. Thus, a standard
audio amplifier is used as a controller together with the am-
plifier input from a standard frequency generator for freely
adjustable drive frequency.

2 Design concept

For the integration of the newly developed actuator system, a
DMG MORI Ultrasonic 30 linear machining center with an
HSK-E40 adaptor interface is used. This machine is equipped
with a force-controlled oscillation system in the tool holder,
which is able to realize high frequencies in the ultrasonic
frequency range. The machining center platform is used as
test setup in order to establish a possibility of direct process
comparison between the high frequency and the respective
new system. In general, there are two different types of vibra-
tion support in machining operations. The first type is a force-
controlled use and the second operates stroke-controlled. In
order to overcome the limitations in the maximum achievable
amplitudes at a small range of frequencies by the forced-
controlled principle, a stroke-controlled system was devel-
oped. The amplitude performance depends primarily on the
bending membrane design, which is not part of this paper.

2.1 Vibration system structure

Figure 1 depicts the installation situation of the vibration sys-
tem based on a large-stroke piezoelectric multilayer actuator,
which mechanically transmits the generated amplitude in the
frequency range of 0–1 kHz via a bending membrane to the
tool. The main difference between this system and the forced-
controlled type is the amplitude behavior as a function of
frequency.

Figure 2 highlights the main subsystems, which include the
CET system (Eq. 1), the power electronics (Eq. 2), and the
internal cooling system for the thermal management (Eq. 3).
The cooling system can be operated actively and passively
and consists of a cooling channel concept with an exchange-
able tube that tightly capsules the piezo stack.

By using different materials with different thermal conduc-
tivity, a completely passive operation can be achieved through
heat conduction. In the case of active cooling, the cutting fluid
can be introduced via the existing internal coolant supply in
the HSK-E40 tool holder. The cutting fluid is added via the
central cooling channel out of the main spindle and runs
through channels at the outer cylinder barrel of the tube to
the outlet at the bending membrane. The volume flow is sub-
sequently distributed to the cutting zone/tool via the ER16 tool
interface.

3 Design of the CET system

Due to the requirement of high speeds for grinding and dril-
ling operations, only a contactless energy transfer is possible
for the energy to transfer to the actuator. A current-carrying
conductor causes a magnetic field, which is quantified by
physical properties such as magnetic field strength and flux

Fig. 1 Implementation of the vibration system in the machining center
DMG MORI Ultrasonic linear 30
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density. With regard to the operating principle, a general dis-
tinction is made between resonant and non-resonant operating
modes. In the past, this topic has been the aim of many re-
search projects. A distinction for CET systems can bemade by
two types according to [15]:

• Axial rotation transmission
• Radial cup core transmitter
A further subdivision of the core is useful, which can con-

sist of solid material. Another option uses a lamination by core
sheet metal. Filling the structure with epoxy casting com-
pound, this design comes along with reduced eddy current
losses. These losses occur in large-volume iron cores and con-
siderably reduce the output. Depending on the frequency of
application, different core structures, such as laminate or
solid-core designs, are advisable as the design affects the mag-
netic properties. Silge and others show the general approach
of designing a contactless energy transmission interface [16,
17]. This concept is used in the following analytical design
study of the CET system. In the wireless power transmission,
a magnetic flux is generated by applying current to the prima-
ry coil. The air gap ensures the spatial separation of the coils.
However, the magnetic flux in the secondary coil is lower than
the induced magnetic flux in the primary coil [17]. Due to
leakage flux, only part of the magnetic field of the first coil
penetrates the second coil in Eq. 1.

ϕ1 ¼ ϕ12 þ ϕσ1 ð1Þ

The windings in the secondary coil generate a voltage by
the magnetic field emanating from the primary coil, resulting
in a counter-inductance in Eq. 2. This is defined as the mutual
magnetic influence of two adjacent electric circuits due to the
electromagnetic induction by magnetic flux [17].

M ¼ N2 þ ϕ21

i1
ð2Þ

The coupling degree of the coils in Eq. 3 depends on the
mutual inductance and the two self-inductances of the primary
and secondary coils.

k ¼ Mffiffiffiffiffiffiffiffiffiffi
L1L2

p ð3Þ

3.1 Equivalent magnetic circuit

To determine the required dimensions of the coil pairs, a de-
sign process in Fig. 3 according to Silge is necessary (cf. [16]).
The solution is generated as an output parameter by given
input parameters such as the material, the electrical require-
ments, the operating frequency, the core properties, and the
electrical limits of the materials concerning the maximum cur-
rent and flux density with respect to defined boundary
conditions.

3.2 Geometric design of induction coils

A substitution of the geometry parameters in Fig. 4 reduces
the number of parameters to be optimized in Eqs. 4 to 7. For
simplification, the copper area is determined instead of indi-
vidual copper windings [16, 17]. The cores of the two coils are
a combination of the electrical sheets with a thickness of
0.50 mm and epoxy resin compound.

hFe ¼ h−hCuð Þ
2

ð4Þ

ra;2 ¼ rFe;2 þ bCu;2 ð5Þ
ri;2 ¼ rFe;2 þ bCu;2 þ δ ð6Þ
ra;2 ¼ rFe;2 þ bCu;2 þ bCu;1 þ δ ð7Þ

Fig. 3 Coil and core design process

Fig. 2 Structure of the cut 3D model of the IFT vibration system
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By using the same cross-sectional areas of the two ferrite
cores in Fig. 5, equal flux densities are achieved in each part of
the ferrite core if no leakage fluxes occur. Under this assump-
tion, both sides of Eq. 8 and Eq. 9 must be identical [16, 17].

π r2Fe;2−r
2
i;2

� �
¼ 2πrFe;2hFe ð8Þ

π r2Fe;2−r
2
i;2

� �
¼ π r2a;1−r

2
Fe;1

� �
ð9Þ

3.3 Mode of magnetic circuit

Following the procedure for determining the design concept
of both coils, the modeling of the magnetic circuit of both
inductively connected circuits including the air gap follows
Fig. 6 [16].

The linear magnetic resistances of the ferrite cores, the air
gap, and the stray field are calculated applying Eq. 10 to Eq.
13. The linear resistance is the independent ratio of voltage
and current.

Rm;Fe;1 ¼ 2bCu;1 þ hCu

πμ0μr r2Fe;2−r2i;2
� � ð10Þ

Rm;Fe;2 ¼ 2bCu;2 þ hCu

πμ0μr r2Fe;2−r2i;2
� � ð11Þ

Rm;δ;g ¼ 2δ
2πμ0ra;2hFe

ð12Þ

Rm;δ;s ¼ 1
0; 26π2μ0ra;2

ð13Þ

The magnetic inductance can estimate the effect of the
eddy current loss in Eq. 14 to Eq. 16, which results from the
reciprocal resistance of the iron core. For simplification rea-
sons, the eddy currents in the circumferential direction are
assumed to be dominant, and only this is considered.

Lm;Fe;i ¼ 1
RFe;i

; i ¼ 1; 2 with ð14Þ

RFe;1 ¼ tFehCu
2πρFerFe;1

ð15Þ

RFe;2 ¼ tFehCu
2πρFerFe;2

ð16Þ

The required total magnetic resistance of the primary and
secondary side in Eq. 17 depends on the magnetic resistance,
the operating frequency, and the magnetic inductance of the
core material.

Rm;a;i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
m;Fe;i þ 4 f Lm;Fe;i

� �2q
i ¼ 1; 2; ð17Þ

The reduction of efficiency due to leakage losses only oc-
curs at the primary coil. Thus, according to Silge in Eq. 18 to
Eq. 20, the loss factor results from the quotient of the individ-
ual magnetic resistances for the core, the air gap, and the stray
field in the primary coil.

σ ¼ Rm;Fe;2 þ Rm;δ

Rm;Fe;2 þ Rm;δ þ Rm;σ;i
ð18Þ

Rm;σ1 ¼ 2hCu

πμ0 r2Fe;1−r2i;1
� � ð19Þ

Rm;σ2 ¼ 2hCu

πμ0 r2Fe;2−r2i;2
� � ð20Þ

To estimate the inductances of the two coils, the total mag-
netic resistance of the coils represented by Eq. 21 must be
known. This resistance is formed by summing the individual
linear total magnetic resistances of the primary and secondary
coils and the air gap.

Rm;tot ¼ Rm;δ þ Rm;a;1 þ Rm;a;2 ð21Þ

The magnetic flux calculated by Eq. 22 describes the cir-
culation of the enclosed total electric current, which is com-
posed of the conduction current and the displacement current.
For a cylindrical coil, a good approximation is the multiplica-
tion of the current and the number of turns of the coil, the sum
of which is equal to the amount of the maximum magnetic
flux density multiplied by the flow area of the ferrite core.Fig. 5 Overview of the geometrically identical cross-sectional areas for

flux density optimization in the ferrite core

Fig. 4 Geometrical parameter of the coils according to [16]
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Θ1 ¼ N1I1 ¼ Rm;tot ϕmax ¼ Bmaxπ r2Fe;2−r
2
i;2

� �
ð22Þ

For the secondary coil in Eq. 23, the same relation between
current intensity and the number of turns applies. However,
the right side of the equation depends on the multiplicative
sum of the area of the winding resulting from the total area
multiplied by the winding fill factor and the maximum per-
missible current density of the winding wire.

Θ2 ¼ N2I2 ¼ JmaxkCuhCubCu;2 ð23Þ

Faraday’s law of induction yields the magnetic secondary
coil voltage results in Eq. 24, which is the reason for the
magnetic flux in the ferrite core.

U2 ¼ 4 f N2Bmaxπ r2Fe;2−r
2
i;2

� �
ð24Þ

The equation of the ideal transformer in Eq. 25 is followed
with Eq. 26 by considering scattering losses and the associated
reduction in voltage transmission.

U1I1 ¼ U2I2 þ U2
1

4 f L1ð Þ with ð25Þ

L1 ¼ N2
1

Rm;tot
ð26Þ

The final core geometry parameters are shown Table 1 and
based on the previous calculation scheme of the CET system.

For the total height, the calculation scheme results in
40.0 mm of both core sides. Furthermore, the core height is
3.5 mm for the laminated iron sheets, and the air gap between
the first core and second core is 1.50 mm.

3.4 Coil winding study

According to Maxwell, the relationship between electric and
magnetic fields as well as electrical charges and electric cur-
rent under the given boundary conditions is described by the
following four equations. Coulomb’s law in Eq. 27 defines the
fact that static charges generate electric fields in space. The
second equation (Eq. 28) describes the absence of monopoles
and, thus, the conditional closure of field lines. Furthermore,
Faraday’s law in Eq. 29 describes the electromagnetic induc-
tion, which defines the formation of electric vortex fields
(closed field lines) and has its origin at a charge. For magne-
tism, the ampere law in Eq. 30 forms the analogy to the law of
induction.

∫EdA ¼ Q
ε0

ð27Þ

∮BdA ¼ 0 ð28Þ

∮Eds ¼ −
d
dt

∫BdA ð29Þ

∮Bds ¼ μ0I þ μ0ε0
d
dt

∫EdA ð30Þ

For the winding study in Fig. 7a, the circuit simulation uses
a link with the 2D simulation. This link connects the circuit
simulation and the geometry of the coils. ANSYS Maxwell®
considers the windings in the form of the copper area and the
number of windings. The area corresponds to the actual cop-
per area without space. The boundary conditions are an input
voltage of a sine current source of 1 V peak-to-peak voltage, a
capacitor capacitance of 4500 nF, and a resistance of 100 Ohm
as the parallel resistor. An increase in the primary windings in
Fig. 7b causes a higher secondary voltage. This also applies to
the induced current depicted in Fig 7c. Modifications in the
secondary windings in Fig. 7d cause only a marginal differ-
ence in the induced voltage and current of the secondary coil

Table 1 Calculated coil core dimensions of laminated cores of electrical
steel M530-A30

Parameter Coil 1 Coil 2

Outside diameter d1,a [mm] 140.0 96.0

Core diameter dFe,1 [mm] 137.0 49.5

Inner diameter d1,i [mm] 99.0 48.0

Total amount h [mm] 40.0 40.0

Core height hFe [mm] 3.5 3.5

Fig. 6 The equivalent magnetic
circuit of the CET for the
vibration system
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(cf. Fig. 7e). Based on the variation, the number of turns for
the primary coil is 80, and for the secondary coil is 250.

4 Power electronics

The power electronics consist of various electronic compo-
nents mounted on an aluminum block passively cooled by
the ambient air for cooling reasons. A piezoelectric actuator
behaves electronically like a capacitor. The stack has a capac-
ity of 4000 nF and should only be driven according to manu-
facturer information in positive half-wave operation. This re-
quires a full-bridge rectifier setup in the tool system. Table 2
lists the necessary frequency depending on the charge and
discharge currents with a peak-to-peak voltage of 150 V.
With a triangle or sine function present, the required current
is between 0.06 and 0.6 A for the range 100 Hz to 1 kHz. For
an excitation using a square wave function, the current re-
quirement increases to 0.19 A at 100 Hz and 1.88 A at 1
kHz. The required electrical power is determined by Eq. 31
and depends on the actor capacity, the working frequency, and
the maximum peak-to-peak voltage.

Pm ¼ 1
2
C U2

pp f ð31Þ

The circuit design was optimized and calculated with the
simulation program LTSpice from Linear Technologies©.
Due to the condition in that only positive half-waves of the
voltage are available, the circuit in Fig. 8a needs two addition-
al resistors for piezoelectric charging and discharging. The

Fig. 7 Overview of the simulated
results of the winding influence
on the CET system at 100 Hz
operating frequency

Table 2 Required charging and discharging currents for the electrical
control of the PZT stacks for 150 Vpp voltage

For 150V peak-to-peak Frequency

Parameter 100 Hz 1000 Hz

Average peak current eI [A] 0.06 0.60

Triangle function Ipeak, D [A] 0.06 0.60

Square function Ipeak, R [A] 0.19 1.88

Sine function Ipeak, S [A] 0.06 0.60
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usable current at the capacitor in Fig. 8d is 20 mA (amplitude)
with a parallel resistance R2 of 50 Ω for 1 kHz operating
frequency.

An increase from 50 to 100 Ohm for resistor R2 in Fig. 8b
results in a voltage offset which limits the usable voltage am-
plitude at the capacitor. A heat sink must avoid overheating.

Figure 9 depicts the electrical behavior during control with
the commercial audio amplifier TD7297. The full bridge of
the Super Barrier Rectifier (SBR) diodes in Fig. 9a doubles the
operating frequency from 100 to 200 Hz. An SBR diode has
an extremely low forward voltage and power dissipation com-
pared to standard Schottky diodes. The results in Fig. 9b show
the peak-to-peak voltages with the maximum voltage of
20.1 V at the audio amplifier, and a maximum of 65.7 V for
the secondary side. An increase in the current raises the output
power at a maximum output voltage of 20.1 V. A further
increase is only possible with a higher amplifier power.

Substantially determined thermal load of the load resistance
occurs; this makes optimization of the cooling necessary.

5 Internal cooling concept

By thermodynamic definition, energy is transported from a
higher temperature medium to a lower temperature medium.
The free convection by the macroscopic movement of molec-
ular groups, radiation by energy transport by electromagnetic
waves, and heat conduction by molecular activity transfer
thermal energy [18]. A transient description of the thermal
behavior occurs with the dissipation of a piezo element.
However, the dielectric power dissipation δ required for the
calculation of the thermal power loss, according to Melz at 4
to 16%, was set to 20% for the simulation for higher safety in
the design results [19].

Fig. 8 Overview of the simulated
results of the resistance design for
the discharge resistance at 1 kHz
operating frequency

Fig. 9 Simulated results of the
characterization of the electrical
vibration system circuit at 200 Hz
operating frequency

2249Int J Adv Manuf Technol (2021) 117:2243–2253



5.1 Numerical design of PZT stack cooling tube

The numerical simulation environment ANSYS Workbench
(ANSYSWB) was used for the numerical investigation of the
cooling functionality. In the concept of the vibration actuator
system, the cooling aspect is an important issue that ensures
the continuous operation of the piezo actuator element. The
thermal limit is the maximum permissible operating tempera-
ture of 150°C. For the design of the piezo cooling tube in Fig.
10a, the material-specific thermal conductivity plays the cru-
cial role. An operational mode without influence of cooling
fluid is the worst case under investigation with a constant
thermal power loss on the surrounding piezo surface. In the
simulation, the heat dissipation properties of stainless steel
and brass were investigated. Comparing two different tube
materials without external cooling, a temperature of approx.
145°C is calculated for the stainless steel tube (cf. Fig. 10c)
compared to 83°C for brass material (cf. Fig. 10b).

A further increase in the cooling capacity is achieved by
passing the internal coolant (cutting fluid) along the tube. For
the verification of the FEM models for the two different tube
materials, the stainless steel and brass, both results were com-
pared for the frequency range from 0 to 1 kHz with results
from real tests from Block [20]. In these tests, the piezo’s

uncooled operation was compared with water cooling on the
one hand and with air cooling on the other hand. The simula-
tion model for brass and stainless steel shows good agreement
between the simulated maximum temperatures and the maxi-
mum temperature curves by practical experiments in Fig. 11.
Using the brass cooling tube, the cooling performance by heat
conduction and convection on motionless air is close to the
pressure air-cooled system investigated by Block.

5.2 Numerical design of power resistance cooling

The thermal power of a resistor is calculated according to Eq.
32 and depends on the current of the capacitor and the size of
the parallel resistor.

PR1 ¼ U2

R 1
¼ I2CR1 ð32Þ

For the thermal simulation in ANSYS WB®, the effective
value (RMS) for power is used instead of the maximum value.
The test setup in Fig. 12 shows the boundary conditions of the
simulation. From an electrical optimization with LTSpice®, a
value of 10Ω and 30Ω follows for the two power resistors. Of

Fig. 10 Overview of simulation
results of the thermal power loss
of the piezo and the cooling
potential of different materials
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the two resistors, the stabilizing pre-resistance is determined in
terms of thermal load during operation. Hence, the resulting
maximum thermal power is over 17 W for R1. In contrast, the
power for the piezo and the parallel resistor is significantly
lower and denotes in range of up to 7W.Asmentioned before,
the drive frequency of the amplifier at 500 Hz is leaking be-
cause the rectification causes the frequency doubling.

Figure 13 depicts the transient behavior of the power resis-
tors in still air. In this case, the heat transfer coefficient of the
aluminum holding block surface is between 0 and 30 W/m2K
(see Fig. 13a). Due to the current load, there is a high-
temperature value at the resistors in the circuit (see Fig.
13c). With a low heat transfer value of 10 W/m2K, the max-
imum temperature reaches approx. 185°C and decreases to
values below 120°C as the coefficient increases (Fig. 13d).
A heat transfer coefficient of 20 W/m2K reduces the maxi-
mum temperature at levels of under 111°C. These temperature

values are not critical because the maximum acceptable oper-
ating temperature value for continuous operation specified by
the manufacturer is 250°C. However, the maximum tempera-
ture only occurs at resistor R1, which has the function of a
system stabilizing resistor. The other components in the form
of the SBR diodes are less temperature sensitive and can with-
stand maximum heating levels of up to 250°C. However, this
threshold is not reached or exceeded under the used boundary
conditions.

6 Experimental verification

A low-cost piezo amplifier in the form of a simple digital
audio amplifier allows a variable control of the stack with
any functions and frequencies. As a current source, a commer-
cial power supply unit with a voltage of 26 V at a constant
current amplifier of 8 A was used. One limiting factor for the
low-cost variant is the low impedance of the primary side,
which must be considered in the performance of the output
stage selection to avoid overheating. Sufficient cooling of the
stack is possible with a simple tube solution, whereby brass
material achieves the cooling effect with high thermal conduc-
tivity. However, this CET interface is only designed and op-
timized for low frequencies of up to 1 kHz. The vibration
system works with a standard low-cost audio amplifier with
160 W maximum power in combination with a stand-alone
standard frequency generator. For the maximum use case of
150 V voltage and a duration of 6000 s, the measurement of
the system results in a maximum amplitude of 85 μm, and the

Fig. 12 Simulated results of the
thermal power loss of the piezo
and the resistors at 1 kHz
operating frequency

Fig. 11 Simulated results in comparison with results from Block [20]
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temperature of the brass tube surface measured with a thermo-
couple rises to 94°C.

7 Conclusion

A contactless power supply solution in the form of a CET
interface was developed for an actuated tool system according
to the current state of the art for the actuator design realizing
low-frequency vibrations at high amplitudes. Simplification in
the form of a linearization of the CET system into simple
electronic components allows a practical design of the trans-
mission interface. The decisive factor is the transmission ratio
of the two coils by the number of windings. The control of the
PZT stack by pulsating direct current requires a modification
of the circuit in the form of a parallel power resistor to force a
discharge. With new SBR diodes, continuous operation is
possible due to the combination of low leakage current losses
and high thermal load capacity. The drive signal can be used
independently of the signal shape for any standard forms such
as triangle, square, or even sinusoidal motion. This system
configuration offers a fully variable adjustment of the ampli-
tude from under 1 to over 50 μm at the respective frequency
range. Outside this range, higher amplitudes can be used for
short periods to the detriment of the fatigue strength according
to FKM guidelines.
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