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A B S T R A C T

High chip removal rates in machining are often limited by chatter vibrations. While active damping in spindles
may mitigate chatter, existing approaches reduce the drive power by occupying axial space. The ratio of damp-
ing to drive power is fixed, which limits in-process adjustability. This study proposes a novel spindle concept
featuring a ‘bearingless’, multi-phase motor, enabling simultaneous high-performance drive characteristics and
adaptive active damping without compromising spindle length or power capacity. Multi-phase motors are typi-
cally investigated at power levels below 10kW, constraining their applicability to high-performance machining.
In contrast, this study realized the concept by rewinding the stator of a commercially available 25kW spindle.
Experimental validation demonstrated a reduction in shaft deflection in response to frequency disturbances up
to 650Hz, with no impact on spindle speed, indicating significant potential for chatter reduction.
© 2026 The Author(s). Published by Elsevier Ltd on behalf of CIRP. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/)
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1. Introduction

In machining processes, the regenerative effect is considered the
primary cause of chatter. This effect is influenced by the frequency of
tooth engagement and the dynamic behavior of the cutting tool. When
a cutting edge enters the workpiece, the resulting dynamic excitation
causes vibrations, which can lead to unfavorable combinations of
vibration frequencies and phase, causing modulation of chip geometry
and cutting forces. This effect is self-reinforcing, resulting in unstable
system conditions. Such behavior must be avoided, as it leads to poor
surface finish and risks damage to the machine, tool, and workpiece.

Several methods exist for preventing chatter effects [1]. The most
common method comprises manually adjusting the spindle speed to
find a stable region in the stability lobe diagram. While this method
does not require additional actuators, profound understanding of the
process is necessary. Additionally, long setup times, and a reduced
material removal rate may be unavoidable. Incorrectly selected process
parameters can amplify the chatter effect. Alternatives are required,
including automatic strategies to adapt the process parameters and
feed drive controller tuning [2] as well as machine design changes to
increase system stiffness or modifications of the system’s frequency
response function (FRF) by selecting proper assembly component
dimensions [3]. Furthermore, system damping is augmented by passive
methods, such as tuned mass dampers, impact dampers or high mate-
rial damping, as well as by applying semi-active [4] or active damping
methods [5]. The latter offer the advantage of being able to adaptively
respond to any process condition and change of parameters.
2. Milling spindles with active damping capabilities

Active damping techniques used in machining processes can be
divided into two groups: parallel and serial methods [1].

Parallel methods apply damping forces outside the load path;
thus, they must be located at points of high vibration magnitude. In
contrast, serial methods apply damping forces aligned with the load
path, which must be considered in the design. All methods require
additional actuators and control algorithms.

Previous studies on actively damped motor spindles with parallel
electromagnetic actuators primarily focused on integrating the actua-
tor into the structure of the spindle motor [6�10]. Fig. 1 provides an
overview of these spindle concepts. Kern et al. initially installed an
active radial magnetic bearing (AMB) between the tool interface and
the front bearing [6], whereas Klaffert positioned the AMB between
the front bearing and the motor [7]. A research group at the Institute
of Production Engineering and Machine Tools (IFW) in Hanover con-
tinued the integration process by splitting the spindle motor axially
and placing the actuator in between the two motor parts [8]. Exten-
sive simulation studies were conducted to determine the AMB’s exact
axial positioning. Since the actuator occupies half of the original axial
length, the nominal spindle motor power reduces by 57%. Conse-
quently, a fully integrated actuator was developed [9]. The spindle
motor’s original two-layer stator winding was removed and replaced
with a single-layer winding. The remaining stator slot space accom-
modates a winding for a radial magnetic bearing. To compensate for
the inevitable nominal power loss, buried magnets were used instead
of surface magnets, and the number of pole pairs increased from two
to three. These changes reduced the loss of rated power to 26%. No
other design changes were made to the spindle itself.
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Fig. 1. State of the art concepts of actively damped spindles.
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Although these approaches successfully integrate active damping into
the spindle structure, they all have one fundamental limitation. Since the
actuator and drive are electromagnetically separate, the actuator occupies
axial space that would otherwise be used for motor windings. If the origi-
nal spindle lengthwere retained, the nominal drive power would inevita-
bly decrease as a result. Moreover, the ratio of maximum drive power to
damping powermust be specified during the design phase. It is not possi-
ble to make subsequent adjustments during operation. This inflexibility
limits the spindle’s adaptability to varyingmachining conditions.
3. Actively damped multi-phase spindle motor concept

To overcome these disadvantages, the authors propose a concept
for an actively damped, multi-phase milling spindle featuring a ‘bear-
ingless’motor (Fig. 2a), enabling simultaneous high-performance drive
characteristics and active damping without sacrificing axial length or
maximum power capacity. A ‘bearingless’motor generates both torque
and radial forces on the rotor through a single electromagnetic system,
eliminating the need for a radial bearing. In this study, the electromag-
netic structure of such a motor is retained, but the radial forces are
used solely for active damping, rather than bearing support. The for-
mer separate actuator is fully integrated into the spindle drive.
Fig. 2. Milling spindle with a ‘bearingless’ motor: (a) schematic cross section; (b) prin-
ciple of force generation.
3.1. Principle of ‘bearingless’motor

In the air gap of a conventional electric machine, two fields are
present: one originating from the rotor and one from the stator. The
latter is called the motor field. In order to generate constant torque,
these two fields must have the same number of pole pairs and rotate
in the same direction at the same speed. A second stator field (sus-
pension field) with a pole pair count differing by one is introduced to
generate an active damping force, as shown in Fig. 2b. The slots and
winding in the stator have been omitted for clarity. The flux of the
four-pole (p ¼ 2) rotor field by the permanent magnets FPM is
depicted in solid lines, while the flux of the two-pole (ps ¼ 1) suspen-
sion field Fs is depicted in dashed lines. The flux of the four-pole
motor field Fm by the stator is omitted for better understanding.

Due to the difference of one pole pair, the rotor and suspension field
partially add to each other (here on the right) and partially cancel each
other (here on the left). Since the reluctance force density is proportional
to the square of magnetic flux density, a defined net force acts on the
rotor. In this example, the resulting force is directed to the right. In sum-
mary, the torque is determined by the interaction of the rotor field and
the motor field, while the force is mostly determined by the interaction
between the rotor field and the suspension field. The difference in the
pole pair count must amount to one: ps ¼ p§ 1 [11].
Please cite this article as: S. Ihlenfeldt et al., Development of a multi-ph
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A second three-phase winding is commonly used to generate the
suspension field. This approach typically entails the modification of
the original motor winding by substituting the double-layer winding
with two single-layer windings. However, similar to existing solutions,
this approach entails the disadvantage of limited freedom in power
allocation between torque and damping. Consequently, a ‘combined’
winding is employed to enable the simultaneous generation of the
two stator fields while maintaining the ability to freely adjust the
respective currents within the maximum permissible range. Various
concepts have been proposed in technological literature, including
half-pitched windings [12], dual-purpose no-voltage windings [13],
multi-sectoral windings [14] and multi-phase windings [15]. In [16]
the authors investigated and compared these approaches for a sur-
face-mounted permanent magnet synchronous motor (SPMSM). They
ultimately selected a twelve-phase winding that met the design
requirements of a minimum damping force of 400N at 50% nominal
current and minimal force dependency on rotor position, while main-
taining a similar torque characteristic to the original motor. These
requirements are based on investigations conducted at the IFW Hano-
ver on a spindle of similar performance class [9,17]. Depending on the
tool, critical damping frequencies ranged between 700 and 1100Hz,
while damping forces did not exceed 200N.
3.2. Electromagnetic model for motor control

Existing electromagnetic models (voltage, current, torque, force)
for conventional three-phase ‘bearingless’ SPMSMs must be extended
to accommodate an arbitrary number of phases m. These models are
essential for motor control and form the foundation for all subse-
quent damping control algorithms.

Starting with the phase voltage equations (vectors in bold)

uph ¼ Rsiph þ _Cph ð1Þ
and applying the extended amplitude-invariant Park transformation
yields the general voltage equations in the synchronous reference
frame

udq0 ¼ Rsidq0 þW Ldq0idq0 þ CPM dq0
� �þ vYdq0 u þ Ldq0

didq0
dt

þ Gdq0 xy
dx
dt

; ð2Þ

where udq0 is the elec. voltage, Rs the stator resistance, idq0 the elec.
current, Ldq0 the absolute inductance matrix, CPM dq0 the permanent
magnet (PM) flux linkage, Ydq0 u the differential angle dependencies,
Ldq0 the differential inductances, Gdq0 xy the differential position
dependencies, x the rotor position and W ¼ diagðW 1; . . .;W 1;0Þ2
Rm � m; W 1 ¼ antidiagð�v;vÞ the coupling matrix. Usually, not all
voltage components need to be considered, but this depends highly
on the actual motor design.

The Clarke transformation breaks down the phase equations into
b ðm� 1Þ=2 c two-dimensional, orthogonal systems plus one or two
zero components. The system order k corresponds to the pole pair
count of its fundamental wave in the air gap. Therefore, only two sys-
tems are required to operate a ‘bearingless’motor: One of order k ¼ p
for torque generation (motor system) and one of order

k ¼ ps for force generation (suspension system). The voltages and
currents of all other systems are ideally zero. Following the suggested
winding design procedures in [18], the complexity of the system can
be reduced tremendously.

Assuming linearity and fundamental currents, the inner torque Ti
can be expressed in terms of the q-axis motor current and the PM
flux linkage for a centered rotor in the motor system.

Ti ¼
m
2
iqm

X1
n¼gmþp

n CPM dm jnjcos n=p� 1ð Þvtð Þ ð3Þ

The torque is nearly independent of the rotor displacement, espe-
cially for SPMSMs with large air gaps. Force equations, on the other
hand, are much more complex as each pair of air gap field harmonics,
which pole pair counts differ by one, generate force. Assuming
ase spindle motor with active damping for chatter reduction, CIRP
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linearity, aligning the winding axis of phase A with the global x-axis,
and considering only the fundamental waves and radial components,
the following applies for ps ¼ p§1:

Fx
Fy

� �
¼ m2

8
m0rdlip
k2c d

02
0

n̂pn̂ps
ids iqs
§ iqs �ids

� �
idm þ CPMdm

Lddmdm
iqm

2
4

3
5; ð4Þ

with rd as the radius in the middle of the air gap, li as the effective
axial length, kc as the Carter’s factor, d00 as the magnetically effective
air gap, n̂ as the winding factor and Ld dmdm as the air gap inductance
of the motor system. It is evident that unintended interactions exist
between the motor and suspension field. This behavior is inherent
and must be considered in the control algorithm.

While the torque expression (3) normally aligns closely with mea-
sured values, even in the context of nonlinear material properties, the
force Eq. (4) provide only a qualitative description of the drive’s
behavior. To obtain more accurate quantitative values, it is necessary
to perform finite-element analysis or conduct direct measurements.
Fig. 3. Simulated flux linkages of the twelve-phase motor: (a, b) motor flux linkage for
various combinations of suspension currents (Id3 ; Iq3Þ; (c, d) suspension flux linkage for
various combinations of motor currents (Id2 ; Iq2Þ - shading for visualization purposes only.
4. Prototype of a ‘bearingless’ spindle motor

This study is based on a commercially available 25 kW,
10,000 rpm milling spindle (diameter 200mm, length 460.5mm).
The original three-phase, four-pole SPMSM featured a double-layered
7/9 short-pitched winding. The four parallel branches per phase of
the star-connected system were separated and treated as individual
phases. This configuration achieves bearingless operation solely via
stator rewinding, satisfying the requirement for minimal design
modifications. Since the coil span is preserved, the original torque
capability and power density remain unchanged. The spindle’s nomi-
nal power can be distributed freely between torque and damping
force generation; however, these outputs are inversely coupled due
to electrical current limitations imposed by thermal constraints.
Table 1 lists the most relevant motor parameters.

Both analytical and nonlinear simulation-based investigations
were conducted to analyze the motor’s electromagnetic characteris-
tics. The two main characterizing parameters comprise the flux link-
ages and the stator resistance, as shown in Eq. (1). Fig. 3 illustrates
the simulated flux linkages for the motor and the suspension system,
demonstrating predominantly linear behavior and minimum depen-
dence on the currents in the other system (see the slightly tilted fam-
ily of planes, where each plane corresponds to a current combination
in the other system). Therefore, constant inductances can be used
and Ldq0 ¼ Ldq0 is applicable.

Since the expected rotor deflections are very small compared to
the magnetically effective air gap, the relative position dependencies
can also be neglected. The general voltage Eq. (2) and the torque Eq.
(3) can be simplified as follows:

ud2 ¼ Rsid2 � vLq2q2iq2 þ Ld2d2did2=dt

uq2 ¼ Rsiq2 þ vLd2d2id2 þ Lq2q2diq2=dt þ vCPM d2

ud3 ¼ Rsid3 � vLq3q3iq3 þ Ld3d3did3=dt

uq3 ¼ Rsiq3 þ vLd3d3id3 þ Lq3q3diq3=dt

uq0 ¼ Rsiq0 þ v@CPM q0=@u þ Lq0q0diq0=dt ð5Þ
Table 1
‘Bearingless’ spindle motor parameters.

Parameter Value Parameter Value

Nominal power 25kW Susp. pole pairs 3
Nominal speed 10,000 rpm Axial length 80mm
Maximum speed 20,000 rpm Bore diameter 80mm
Nominal torque 23.9Nm Mech. air gap 2.5mm
Nominal current 13.75A Magnet height 3.5mm
Pole pairs 2 Slot count 36

Please cite this article as: S. Ihlenfeldt et al., Development of a multi-ph
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TaggedAPTARAPThe resulting simulated electrical parameters are presented in Table 2.

The voltage equations for the motor system and the torque expression
are analogous to those of a conventional three-phase SPMSM. The volt-
age equations for the suspension system represent a resistive-inductive
load with cross-coupling. Counter-electromotive force (counter EMF)
compensation is not needed, which is advantageous for maintaining a
low DC link voltage. Established control algorithms for three-phase
machines can also be applied. The main difference lies in the voltage
equation for the second zero-component ‘q0’, where all PM harmonics
occur with uneven multiples of the order of six. The corresponding
counter-EMFmust be compensated to keep the current iq0 zero.

The torque characteristic of the rewound ‘bearingless’ motor is
identical to the original one, as the coil span is maintained. If damp-
ing is not needed, the total power can be allocated to torque genera-
tion. The minimum simulated force is 427N, when assigning 50% of
the nominal current for damping. The dependence of the force on the
rotor position can be neglected, with a ripple of merely 1.4 %. A more
detailed discussion can be found in [16].

Achieving damping frequencies up to 1100Hz exceeds the capabili-
ties of standard cascaded control, when keeping hardware demands
within practical limits. The selected switching frequency of 32kHz at a
DC link voltage of 500V maintains a suspension current control band-
width of only 2300Hz with standard discrete proportional-integral (PI)
controllers up to maximum speed. Increasing this bandwidth is possible,
for example, through dead-beat or nonlinear inverter control algorithms,
but comes at the expense of robustness. Therefore, recent literature
addresses this issue by abandoning the standard cascaded approach in
favor of direct state space/ multi-input multi-output (MIMO) control.
Saleh et al. successfully apply a robust sliding mode control scheme to a
magnetorheological damper using similar control hardware [5]. Shirvani
et al. present an H 2-synthesis-based inner loop for ball screw drives
that significantly improves mechanical disturbance rejection compared
to standard proportional�proportional-integral (P-PI) control [19].
Table 2
Simulated electrical parameters of the ‘bearingless’
motor.

Parameter Value Parameter Value

Rs 0.33V Ld3d3 1.26mH
Ld2d2 2.24mH Lq3q3 1.26mH
Lq2q2 2.42mH Lq0q0 0.325mH
CPM d2 108mVs ĈPM q0 6 5.58mVs

ase spindle motor with active damping for chatter reduction, CIRP
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Fig. 5. (a) Independence of spindle shaft’s x- and y-position accuracy on rotation
angle; (b) effect of active damping on x- and y-position of the spindle shaft exposed to
external disturbance of 650 Hz.
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5. Experimental proof of multi-phase spindle concept

5.1. Spindle test setup

The test setup is shown in Fig. 4. The powertrain comprises the
new milling spindle, a radial AMB serving as a disturbance force gen-
erator, a clutch, a torque measurement shaft, and a load. Its horizon-
tal, gearless design enables a modular testing setup. The prototype
spindle is equipped with two measuring probes (two housing bores
in the x- and y-directions, respectively, Fig. 2a) for radial position
detection of the spindle shaft. Due to the integration of surface mag-
nets within the motor, both probes are axially aligned between the
motor and the bearing. The used eddy current sensors require brass
rings with a 15mm width, which were mounted on the spindle shaft.
The necessary axial extension of the shaft was the only change from
the original design.
Fig. 4. Left: Test setup for the twelve-phase spindle prototype; right: schematic block
diagram.
The twelve motor supply lines are routed radially via four retrofit-
ted bores. The lines are connected to twelve in-house developed H-
bridges via a terminal box. The H-bridges offer switching frequencies
up to 32 kHz. All DC links are powered directly from available DC
power sources in the laboratory. Due to electromagnetic compatibil-
ity measures, the spindle’s DC link voltage had to be reduced to
240V. The in-house designed radial AMB acts as a contactless excita-
tion force generator, powered by an inverter for magnetic bearings.
The load machine has nearly identical speed-torque characteristics,
enabling the spindle motor to be fully loaded.

The central control unit is aMicroLabBox rapid prototyping system by
dSPACE. It comprises numerous analog and digital inputs and outputs, a
2GHz, 64-bit, dual-core CPU and an integrated Kintex-7 field-program-
mable gate array (FPGA). Depending on the measured inputs (currents,
rotation angle, speed, and radial deflection of the spindle shaft) and the
given setpoints for speed or torque, the control algorithms calculate the
corresponding voltage setpoints and send them back to the H-bridges as
pulse-width modulated (PWM) signals. Currently, the control frequency
is limited to 16kHz due to the performance limitations of the CAN bus
system used to monitor the H-bridges’ status.

A T40B shaft by HBK is employed for torque measurement, with its
frequency-modulated output signal evaluated directly by the FPGA.
The load inverter utilizes a three-level design and works indepen-
dently. Setpoint values are communicated via the CAN bus.

5.2. Experimental results

Fig. 5a shows the analyzed force independence of the desired
rotor position. The spindle rotates at 100 rpm with no load, and both
suspension currents are zero. The suspension current references are
set to constant non-zero values (after 0.75 s), which results in a spin-
dle shaft deflection of 1 µm in the x-direction (upper diagram in
Fig. 5a). The radial position is measured at the non-drive end. The
deflection remains perfectly stable even though the shaft rotates and
the position control is inactive. This behavior demonstrates the con-
stant, low-ripple force generation of the ‘bearingless’ spindle motor.
Angular force dependencies can be neglected. After 3 s, the suspen-
sion current reference values are reset to zero and the spindle shaft
centers itself again.

Based on these results, a simple active damping algorithm was
implemented and tested (Fig. 5b). With no load and at a speed of
Please cite this article as: S. Ihlenfeldt et al., Development of a multi-ph
Annals - Manufacturing Technology (2026), https://doi.org/10.1016/j.cirp
1000 rpm, the radial AMB introduced deflections of approx. 2 µm in
amplitude in the y-direction and a frequency of 650Hz

(orange line). The axially long and structurally rigid design of the
power train limits the disturbance direction and frequency, not the spin-
dle concept. Activating the active damping control significantly reduced
the deflection amplitude by 72%, without affecting spindle speed. In
practical terms, this corresponds to an increase in dynamic stiffness and
validates the proof of concept. As a result, a significantly wider range of
the stable cutting parameters can be achieved in the future.

6. Conclusion

A ‘bearingless’ motor spindle concept is presented that eliminates
the trade-off between drive power and vibration suppression by inte-
grating the damping actuator and drive into a single winding. Experi-
mental results confirm its effectiveness in reducing shaft deflection
in response to disturbances up to 650Hz while maintaining a stable
spindle speed of 1000 rpm. This demonstrates its potential to adapt
dynamically to varying machining conditions and changes in cutting
parameters.

Future work will focus on developing different control strategies
to ensure effective damping across a wide range of machining param-
eters and process conditions, including spindle speed, cutting power,
and workpiece material. To further improve damping capabilities, a
more in-depth investigation will be conducted to examine the fre-
quency-dependent force-current behavior of the spindle. Quantifying
the impact of tool changes on the dynamic behavior will allow for
targeted compensation when necessary. Further efforts towards sim-
plification of the system architecture, e.g., reducing the number of
position sensors and transitioning from 12 H-bridges to a twelve-
phase inverter with half-bridge circuits, will halve the number of
power switches, thus reducing costs and complexity while boosting
reliability. Further large-scale milling tests are planned, which will be
crucial for validating performance under practical conditions and
ensuring measurable improvements in cutting depth and reduced
vibrations for industrial use.
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