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Abstract

Driven by ongoing technological advancements across various industrial sectors such as optics, automotive engineering and
information technology, a growing demand for the production of components with geometrical and dimensional accuracies at the
submicron scale can be identified. In high-precision machining, the thermomechanical behaviour of machine tools is critical.
Motorised spindles represent a significant heat source within machine tools and their thermal behaviour is essential for the
achievable working accuracy. Electrical and mechanical power losses in the motor drive and bearings result in the induction of heat
into the shaft and housing of the motorised spindle. Despite the implementation of advanced water-cooling systems, these heat
flows result in elevated temperatures, which subsequently lead to thermally induced deformation of the components, directly
resulting in a displacement of the tool centre point. With the intention to improve the thermoelastic behaviour, a novel
thermoelectrically temperature controlled motorised milling spindle was developed. Within this spindle, 40 Peltier stripes are
arranged circumferentially around the front bearings, thus forming a tubular Peltier module. This Peltier module enables the
adjustment of heat flow between the front bearings and the water-cooling system. Based on this, a precise temperature control at
the front bearings is implemented. The present study investigates a prototype of this spindle and demonstrates that the
thermoelectric system is capable of controlling temperatures within the range of 30 °C <89 <40 °C. It is shown that temperature
control can be achieved with a maximum temperature deviation of A9max = 1.1 °C under changing rotational speeds. A test procedure
is proposed, which involves incrementally rising rotational speeds within the range of 10,000 1/min < n < 50,000 1/min, followed by
a temporary spindle stop. Maintaining a constant front bearing temperature results in a 16 % decrease in the change in axial shaft
displacement during this test procedure when compared to a reference spindle equipped with a conventional water-cooling system.
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1. Introduction

Amid the continuous evolution of advanced manufacturing
technologies across industrial sectors such as optics, automotive
engineering, and information technology, the demand for
components with geometrical and dimensional accuracies in the
submicrometer range constantly increases[1]. However,
achieving and maintaining such accuracy is affected by thermally
induced errors, which account for up to 75 % of the total error
in precision parts [2]. Heat flows Q generated by friction and
energy conversion within the machine tool lead to non-uniform
thermal gradients. These variations in temperature 9 cause
thermal deformation &, of machine tool components, resulting
in tool centre point-displacement drcp and therefore a reduction
in machining accuracy [2]. The motorised spindle is considered
to be one of the primary heat sources within machine tools [3].
The integrated motor drive induces heat flows Q¢ due to
electrical losses in addition to bearing and fluid friction losses
that occur at high rotational speeds n [4]. To achieve higher
machining accuracy, the effects of the thermal loads must be
reduced by means of appropriate cooling concepts.
DENKENA ET AL. [4] provide a comprehensive overview of cooling
strategies for motorised spindles and distinguish between

passive and active approaches. A further distinction is made
based on the cooling target, differentiating between the cooling
of the spindle bearings, the stator, and the shaft.

Passive cooling strategies rely on heat transfer by convection
to the ambient air, typically enhanced by heat sinks. Active
cooling concepts deploy a flowing cooling medium which is
applied in close proximity to the heat sources [4, 5].

A variety of passive cooling concepts use heat pipes of
different shapes and configurations, which are integrated inside
the spindle housing or in the spindle shaft. In addition, external
heat sinks are placed outside the spindle housing to enhance
convective heat flow Qeony [6-9]. Common approaches of active
cooling using water as fluid include differently designed cooling
channels [9-10].

Beyond passive and active cooling, approaches to actively
control the spindle temperature 9, offer the possibility to
maintain a constant spindle temperature 85, and minimize
temperature fluctuations during operation. JONATH ET AL. [11]
extend the heat pipe-based cooling concept by controlling the
rotational fan speed ng, which affects the convective heat
flow Qeonv. The additional integration of a heating foil enables
the induction of a heat flow Qinq. Utilizing the bidirectional heat
transport capability of the heat pipes, this setup enables control
of the spindle temperature O.,. As a result, a reduction of the
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axial shaft displacementds by 62 %
uncontrolled configuration is achieved.

WAKIYA ET AL. [12] focus on the cooling unit and controlling the
cooling fluid temperature 9y based on the spindle’s internal
temperature 85, by mixing two fluid streams at different fluid
temperatures 9. This enables a reduction of changes in spindle
temperature 9, caused by changes in rotational speeds n and
variations in the ambient temperature O,mp. The results show a
remaining maximum spindle temperature variation A% <0.3 °C
during a change of rotational speed from n; = 10,000 1/min to
nz = 15,000 1/min.

An alternative approach for realizing an active temperature
control system is the utilization of Peltier modules. A Peltier
module is composed of an alternating pattern of p-doped and
n-doped semiconductor legs arranged between two ceramic
plates, electrically connected in series and thermally in parallel.
Based on the Peltier effect, first discovered by PeLTIER [13], a heat
flow Qpel Within the Peltier module can be generated by applying
an electric current lpel.

The applicability of this approach is demonstrated by
FAN ET AL. [14]. Peltier modules are attached to the outer surface
of a spindle housing. This serves to establish a thermal
equilibrium between the heat flow Qg generated by the
spindle and the heat flow Qabs absorbed by the Peltier modules.
A reduction of the axial shaft displacement ds by 58.6 % at a
rotational speed n = 10,000 1/min results [15].

UHLMANN ET AL. [16, 17, 18] developed an actively
temperature-controlled motorised spindle utilising prismatic
Peltier modules. Three groups of Peltier modules, each
independently controllable, are integrated between the water
cooler and the front and rear bearings, as well as the stator. This
configuration enables precise control of the temperature 8y
within the spindle. Using this approach, the warm-up time ty,
required to reach the thermal steady state of the axial shaft
displacement ds can be reduced by up to 79 %.

With the aim of reducing the expanses of integrating a
thermoelectric temperature control system within motorised
spindles, the companies FISCHER DeutscHLAND GMBH and
DR. NEUMANN PELTIER-TECHNIK GMBH, in conjunction with the
research institutes FRAUNHOFER INSTITUTE FOR PHYSICAL MEASUREMENT
TecHNIQUES IPM and the INSTITUTE FOR MACHINE TOOLS AND FACTORY
MANAGEMENT IWF  developed a novel thermoelectric
temperature control system based on a tubular Peltier module.
The integration of a tubular Peltier module between the
bearings and the water cooler enables active transfer of heat Q.
In comparison with the use of solely conductive elements, as in
a state-of-the-art spindles, this offers the advantage that the
bearing temperature 9y can be controlled independently of the
thermal load. Additionally, due to the bidirectional functionality
of the Peltier effect, there is also the possibility of heat transfer
from the cooling liquid to the bearings.

The present study investigates the characteristics of the
temperature control system within a first prototype spindle,

compared to the

temperature 9,

temperature 91
reference
surface

Peltier
stripes

Qemi: emitted heat flow bearing
Qaps: absorbed heat flow shield water resistance
Qjng: induced heat flow cooler  thermometer

N

front
bearings

shown in figure 1. Furthermore, the influence of a constant front
bearing temperature 9s, on the axial shaft displacement d; is
examined.

2. Thermoelectrically temperature-controlled spindle

2.1. Experimental setup

The prototype motorised spindle, shown in figure 1, is based
on a high-speed spindle of type MFW-840/50 HSK-E25 by
FISCHER DeuTSCHLAND GMBH,  Langenfeld, Germany, and
equipped with the novel thermoelectric temperature control
system. Previous work shows, that an active temperature
control at the front bearing seat has the highest impact on the
axial shaft displacement d.. Therefor the rear bearings and the
motor drive remain cooled by a conventional water-cooling
system. The tubular Peltier module is composed of a

number n = 40 Peltier stripes circumferentially arranged around
the front bearing seat, shown in figure 2. The water cooler is
shrink-fitted to the arrangement of the Peltier stripes, ensuring
a mechanical and thermal connection. The assembly of the front
bearing seat, the tubular Peltier module and the water cooler is
shown in figure 2 b).
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Figure 2. Assmbly of the front bearing seat;
a) installed Peltier stripes; b) Peltier stripes and water cooler.

Depending on the direction of the applied Peltier current I,
the Peltier strips can transfer heat Q from the bearing shield into
the water cooler or vice versa. In figure 1, the heat flows Q are
illustrated in a scenario where the heat flow Qing induced by the
bearings is transferred to the cooling liquid. The absorbed heat
flow Qaps and the emitted heat flow Qemi depend on the Seebeck
coefficient a, the thermal conductance C and the electrical
resistance R of the Peltier strips [19].

Qabs=a|pel 91 - C(92-01) - (lpe? R)/2 (1)
Qemi=a lpel 92 - C (82 - O1) + (Ipel? R)/2 (2)

The absorbed heat flow Qups is determined by the Peltier
current l,e, as demonstrated in equation 1. Therefore, it is
feasible to control the front bearing temperature 95, with the
Peltier current lpel serving as the controlled variable. For the
purpose of measuring the front bearing temperature 9, a
resistance thermometer
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Figure 1. 3D-model of prototype motorised milling spindle with thermoelectric temperature control system. Induced heat flow Qing by
the front bearings, absorbed heat flow Qabs and emitted heat flow Qemi by the Peltier stripes are illustrated, for the scenario of cooling the bearings.



MESSELEMENTE HETTSTEDT GMBH, Maintal, Germany, is integrated
between the front bearings and the Peltier stripes.

The Peltier stripes are electrically connected in series and the
Peltier current I, is controlled by a Peltier controller of type
PWR-CTRL-M of DR. NEUMANN PELTIER-TECHNIK GMBH, Neuried,
Germany. The Peltier controller is able to control the front
bearing temperature 95, by means of a PID-controller, whose
parameters are identified via an autotune function.

The prototype spindle is operated on a spindle test bench in a
laboratory at the FISCHER DeuTscHLAND GMBH with a maximum
rotational  speed Nmax = 50,000 1/min.  The  spindle s
water-cooled at a volumetric flow rateV=3I/min and a
constant fluid temperature 94 =20°C with a temperature
deviation of AUs < 0.1 °C. The axial shaft displacement ds of the
spindle is measured at a plane reference surface of a tool holder
by means of an eddy current sensor of type SGS4701 by
MiIcRO-EPSILON MESSTECHNIK GMBH & Co. KG, Ortenburg, Germany.
2.1. Experimental procedure

In order to examine the capacity of the temperature control
system for reference tracking, the front bearing temperature is
set to O = 30 °C and then changed to 9, = 40 °C before being
reset to 9, = 30 °C. The purpose of these tests is to examine the
settling timet; and the maximum overshoot Ah of the
closed-loop system. The settling time t; is specified as the point
at which the measured data is first bounded by tolerance band
of widthw=0.2°C, and subsequently remains within these
boundaries. This implies that the boundary of the tolerance
band is located at + w/2 =+ 0.1 °C around the setpoint of the
front bearing temperature Os,.

Subsequently, the controller’s capability for disturbance
rejection is evaluated by means of an incremental increase in the
rotational speed n. The changes in rotational speedn are
accompanied by a change in the heat flow Qi induced at the
bearings. The test procedure is specified in table 1. Upon
attaining the maximum rotational speed nmax = 50,000 1/min,
the spindle is brought to an immediate stop. Thereafter,
following a downtime of ty = 2,700 s, the spindle is accelerated
to its maximum rotational speed nmax. This enables the
evaluation of the deviation of the controlled front bearing
temperature A8s, from its setpoint, due to thermal disturbances.
The quantification of the maximum change in axial shaft
displacement Ad; is enabled by the deceleration from maximum
rotational speed n and subsequent acceleration to maximum
speed n.

Table 1. Test procedure with
incrementally changes in rotational speed n.

step duration At rotational speed n
1 900's 01/min
2 900 s 10,000 1/min
3 900 s 20,000 1/min
4 900 s 30,000 1/min
5 900s 40,000 1/min
6 900 s 50,000 1/min
7 2,700 s 01/min
8 1,900 s 50,000 1/min

3. Results
As shown in figure3, the controlled front bearing

temperature 9, is measured while its setpoint is altered from
O =30 °C to 9 =40 °C and vice versa. The measurement is
conducted at standstill and rotational speed n = 25,000 1/min. It
has been found that a maximum overshoot of Ah = 2.2 °C occurs
at a rotational speed n = 0 1/min after the setpoint of the front
bearing temperature is altered from 9, = 40 °C to 9y, = 30 °C. All

setpoint changes regarding the front bearing temperature 9
result in a settling time between 40.4 s <t;<50.7 s.
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Figure 3. Setpoint alteration of front bearing temperature 9

at rotational speed n = 0 1/min and rotational speed n = 25,000 1/min.
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Throughout the entire test procedure, specified in table 1, the
setpoint of the front bearing temperature of the prototype
spindle remains set to 8, = 30 °C. Figure 4 shows the measured
front bearing temperature O, during this test. It is evident that
each alteration of rotational speed n leads to a deviation of the
measured front bearing temperature A9s, regarding the
respective setpoint. This phenomenon persists until the
measured value again reaches the setpoint. The maximum
change in the front bearing temperature Adsp max=1.1°C is
observed when the immediate stop is invoked, see line 6-7 in
table 1. For the purpose of comparison, figure 4 shows the front
bearing temperature Os, measured during the same test
procedure with a reference spindle of type MFW840/50. It is
evident that there is a positive correlation between the front
bearing temperature O, and the rotational speed n. When the
rotational speed n is increased, the temperature rises abruptly.
This is followed by a gradual rise until a steady state is reached.
The maximum change in the front bearing temperature of the
reference spindle during the test procedure is Ad, max = 10.6 °C.
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Figure 4. Measured front bearing temperature 9z
under the influence of incrementally changing rotational speed n.

Simultaneously, the axial shaft displacement ds is measured,
see figure 5. It is evident that the axial shaft displacement ds
increases with the incremental increase in rotational speed n.
The axial shaft displacement d; initially rises abruptly, evolving
into a slower change until a steady state is reached. The abrupt
rise in axial shaft displacement ds can be attributed to the
centrifugal forces F. acting within the angular contact ball
bearings and the gyroscopic moment Mg, e.g., described by
JEDRZEJEWSKI AND KwAsNY [20]. The slower changes in axial shaft
displacement ds can be attributed to the thermal behaviour.

The same test procedure is performed under identical
conditions with a reference spindle, see figure 5. The reference
spindle is equipped with a conventional water-cooling system
and differs from the prototype only in terms of the unmodified
front bearing section. The measurements demonstrate a



qualitatively comparable trend, whilst it can be observed that
the reference spindle shows a larger change in axial shaft
displacement Ads subject to the varied rotational speed n. For
both spindles, the maximum change in axial shaft
displacement Ads occurs at the point of change between
maximum rotational speed nmax and spindle stop. For the
reference spindle, the maximum change in axial shaft
displacement is Ads=33.7 um, and for the prototype, the
maximum change in axial shaft displacement is Ads = 28.2 um.
This is equivalent to a 16 % reduction.

A further quantitative difference in the measurements, shown
in figure 5, can be observed after the spindle stop. In this
instance, the axial shaft displacement d; of the prototype
exhibits a significantly slower decrease in comparison to that of
the reference spindle. This can be attributed to the maintenance
of the setpoint of the front bearing temperature at 9s, = 30 °C,
even at standstill. This results in a reduction of the cooling rate
of the affected spindle components.

Controlling the front bearing temperature 9, independently
of the thermal load enables the spindle components to be
prevented from cooling down during downtime tq due to a tool
or workpiece change. This has the potential of reducing the time
to reach a steady state with regard to the axial shaft
displacement d;, i.e. the warm- up time t,, after a downtime tgq.
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Figure 5. Measured axial shaft displacement ds of prototype
and reference spindle during the test procedure specified in table 1.

4. Conclusion and future work

The present work introduces a novel thermoelectric
temperature control system for motorised spindles, based on a
tubular Peltier module. A prototype spindle was equipped with
such system at the front bearing seat. This prototype could be
demonstrated capable of controlling front bearing temperatures
within the range of 30°C <39 <40 °C. Furthermore, it was
demonstrated that thermal disturbances caused by changes in
rotational speed n lead to a maximum change in the front
bearing temperature of ASf,max = 1.1 °C, where the maximum
change in the front bearing temperature of the reference
spindle is A8, max =10.6 °C. It was also demonstrated that
controlling the front bearing temperature 9y, exerts an influence
on the axial shaft displacement ds. In particular, maintaining a
constant front bearing temperature of 9 =30 °C results in a
16 % decrease in the change in axial shaft displacement Ad;
during changes of the rotational speed n when compared to a
reference spindle. Furthermore, the measurement of the axial
shaft displacement ds indicates, that controlling the front
bearing temperature 8x, independently of the thermal load has
an effect on the cooling rate of spindle components.

A future objective is to substantially minimise the warm-up
time ty following a spindle stop, for instance after a workpiece
or tool change in the machine tool. As demonstrated in previous
research of UHLMANN [18], this objective can be accomplished by
increasing the front bearing temperature 9g, during downtime ty
of the spindle. Reducing warm-up timet, decreases
non-productive time, contributing to increased productivity.
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