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Abstract 

Nowadays, the thermo-energetic design of a machine tool also includes the thermal stabilization of its 
machine components. In the past, thermal stability was irrefutable connected to minimizing the 
temperature gradient of machine tools by air conditioning the entire machine or even the factory hall. 
Today, thermal stability also defines minimal inhomogeneities in the temperature field of the machine tool 
due to higher energy efficiency requirements. 
Fluidic tempering systems of machine components offer considerable potential concerning the 
minimization of thermo-elastic displacements with acceptable energy demand. Hence, intelligent 
algorithms are required to combine tolerable geometric deviations with minimal energy effort. The scope 
of this paper is the integration of a demand-oriented fluidic temperature control system into a machine 
bed. The resulting multi-input-multi-output (MIMO) systems and varying boundary conditions are 
challenges, which are addressed. Therefore the paper compares two control approaches, a decentralized 
single-loop control and a multi-loop control by decoupling the control loops and especially focus on the 
distribution of the jointly used actuating variable, combined with the variation of different boundary 
conditions. 
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1 INTRODUCTION 

In machine tools, positioning errors of the tool center point 
lead to inaccurate work pieces. Due to better correction and 
compensation methods for static, dynamic and geometric-
kinematic errors on machine tools, the share of thermally 
induced errors in the total error has increased in recent 
years [Großmann 2016]. 

In addition, more efficient machine tools often require more 
power input, which, in turn, leads to higher energy 
consumption, resulting in even higher heat output due to the 
correlation of energy loss and energy consumption. These 
losses however increase the influence of thermal problems 
even further [Wegener 2014]. Due to generally unavoidable 
heat sources in machine tools, it is a highly relevant 
research question to control the thermal load as precisely 
as possible [Putz 2018]. 

Today, in almost all machine tools cooling systems are 
already integrated, which enable a temperature control of 
the machine components [Brecher 2017]. However, limited 
coolant supplies, various categories of disturbance 
variables and often the large number of fluid channels result 
in a challenging control problem. This is why many cooling 
mechanisms are operated permanently or with two-point 
controllers, although this is inefficient and tends to be 
inaccurate [Augenstein 2012]. 

Thus, it is necessary to find demand-oriented and energy-
efficient control strategies that take these factors into 
account. Accordingly, the goal of the present work is the 
development and comparison of different control strategies 
for the temperature control of a machine tool frame. The 
presented research was carried out within the CRC/TR96 
on the thermo-energetic design of machine tools with the 
aim of achieving a high level of working accuracy with a 
reasonable energy input. Based on a simplified model of a 
frame structure with three fluid channels, two control 
strategies for the present MIMO system will be worked out, 
which are then implemented and investigated in a 
simulation with Matlab/Simulink©. Subsequently, the results 
are processed and evaluated, from which 
recommendations for the selection of a suitable control 
strategy for temperature control are to be formulated. 

2 STATE OF THE ART 

2.1 Thermal issues in machine tools 

The quality of a product depends significantly on the 
working accuracy and performance of the machine tool and 
its interaction with the environment [Ess 2012]. The static, 
dynamic, geometric-kinematic and thermoelastic 
deformation behaviour determine the working accuracy of 
the production system [Brecher 2017]. 
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Fig. 1 : Thermo-elastic functional chain, influencing the temperature field [Großmann 2015]

In order to meet the demand for more precision and 
efficiency in production, it is essential to minimize product 
defects caused by thermoelastic deformation. To this end, 
individual machine components, e.g. drives, are being 
further developed with the aim of increasing power density. 
Often the higher power densities are achieved with a higher 
energy input, which also results in higher power losses. 
These then lead to local heat input or heat flows within the 
component [Neugebauer 2013]. Fig. 1 shows the thermo-
elastic functional chain that illustrates the course from 
power losses resulting from the process, fluid, drive and 
motion systems, to motion errors at the tool centre point 
(TCP). Heat is transferred within the machine structure and 
to the environment, from which temperature and 
deformation fields are created via heat fluxes [Großmann 
2015]. 

Extensive experimental work has shown that 75 % of the 
geometric deviations are caused by thermal influences 
[Mayr 2012]. Product defects, caused by the processes 
along the thermo-elastic functional chain, therefore 
represent a challenge, "(...) since there are large time 
constants between the effect - temperature-related 
elongation - and the cause - heat flow or power loss" 
[Großmann 2015]. The described change in the demands 
on production systems is accompanied by the temporal and 
spatial change in the thermal character of machine tools - 
from stationary, dormant to transient, and moving, which is 
caused by increased heat input and strongly varying time 
regimes for the movement and loading processes. In the 
past, it was considered irrefutable to eliminate thermal 
influences by air-conditioning the entire machine, but today 
the aim is increasingly to minimize temperature gradients 
and the resulting deformations. To this end, there is a need 
to find holistic mechatronic solutions that include a thermo-
energetic design of the machine tool, energy-efficient drives 
and machine components, and model-based compensation 
procedures for the temperature gradient [Wegener 2014]. 

For the implementation of an intelligent, demand-oriented 
and thus energy-efficient temperature control of individual 
components of a machine tool, the creation of virtual 
models that can depict and predict the temperature 
behaviour of the individual components is essential 
[Ramesh 2003] [Ihlenfeldt 2017] [Liu 2019]. 

2.2 Temperature control in machine tools 

Various sources [Smith 2009] [Regel 2018] [Mori 2019] 
indicate that the integration of cooling systems in individual 
machine components or a holistic air conditioning system 
has proven to be the current state of the art. On the one 
hand, systems are used to track permanent cooling without 
temperature control to a setpoint value.  

With a view to the future and the urge for resource efficiency 
and sustainability, this method cannot be regarded as 
decent. On the other hand, cooling systems with a two-point 
control are integrated. Such a control system is both -
inexpensive and simple to set up, but in any case, a 
hysteresis occurs. If this tolerance is chosen to be large, 
inaccuracies occur which cannot fulfil the accuracy 
requirements of a temperature control. If the chosen 
hysteresis is very small, a high wear and tear of the cooling 
system components occurs, because of the high switching 
frequency of the control. 

Therefore, a current research focus is to find intelligent 
approaches for the temperature control of machine tool 
components. In general, the aim of a temperature control is 
a fast adjustment of the controlled variable to the set point. 
This often requires a large amplitude of the actuating 
variable, which is limited by physical boundary conditions in 
almost all technical applications. If this limitation affects the 
time response of the actuating variable, a significant 
influence on the control quality can be expected. Such a 
malfunction of the control loop, which is caused by the non-
observance of the limitation of the actuating variable during 
controller design, is called Reset-Windup or Integral-
Windup effect in the literature [Ortseifen 2012]. To 
counteract the described misbehaviour of a Reset Windup, 
the structural extension of the control loop - an Anti-Reset 
Windup - is useful. A practical solution is an Anti-Reset 
Windup by back calculation [Hippe 2006], whereby a 
structural change is made in the controller. 

2.3 Distribution of limited, jointly-used actuating 
variable 

The handling of several control loops with a limited, jointly 
used actuating variable is a particularly challenging 
application [Lunze, 2016]. In this case, the available 
actuating variable is often distributed according to the 
principle "first come, first serve". This variant is referred to 
as "static limitation of the actuating variable" [Hellmich 
2018]. An alternative to this described limitation is to link the 
control loops with each other and to exchange information 
about the required actuating variable. Fig. 2 shows this 
"harmonized limitation of the actuating variable". The aim of 
this distribution of the actuating variable (DOAV) is a 
harmonized consumption for each control loop. The 
actuating variables required by the controller are weighted 
relatively to each other and the available actuating variable 
is distributed in the actuator according to these weighting 
factors [Hellmich 2018]. 

 

Fig. 2 : Scheme of the harmonized limitation of the 
actuating variable [Hellmich 2018] 

3 MOTIVATION AND SCOPE OF THE PAPER 

The state of the art shows a possible improvement of the 
thermal behaviour and in particular a reduction of deviations 
by integrated cooling mechanisms. There is also potential 
for higher energy efficiency of (fluidic) components. These 
potentials have not yet been integrated and investigated in 
a holistic design approach. The transfer project "Efficient 
temperature control of machine tool frame structures" of the 
CRC/TR 96 investigates this solution approach. 
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Fig. 3 : Procedure for efficient temperature control of 
machine tool frame structure 

The aim is the thermo-energetic optimization of the 
temperature control circuits in the machine frame made of 
high-performance concrete (HPC) by securing and 
improving the thermal stability [Ihlenfeldt 2016]. Fig. 3 
illustrates the course of action of the project. 

The investigated machine frame including fluid channels is 
modelled by FEM with an integrated CFD simulation and 
subsequently validated by measurement data. In order to 
minimize the simulation times, the order of the validated 
model is reduced by a model order reduction (MOR). In 
addition to the model of the frame structure, the fluid-air 
cooling system used is mapped virtually. The goal of the 
overall simulation is a holistic network model, consisting of 
the reduced model of the frame structure and the fluid-air-
cooling system model, which enables shorter simulation 
times and the extension to transient boundary conditions 
and real processes, and still provides sufficiently good 
simulation results [Weber 2018]. This model enables for 
variant analysis and model-based development. The 
temperature control forms the superordinate control loop of 
the network model. Thus, it controls the temperature 
behaviour as a function of time based on simulations of the 
machine frame and the control system of the fluid 
temperature [Hellmich 2018]. 

The demand-oriented and energy-efficient control of the 
temperature of machine components is a current research 
focus. The established state of the art for cooling systems 
is a two-point controller, which cannot be regarded as 
optimal for the requirements of a temperature control. 
Therefore, two other control concepts, a single-loop and a 
multi-loop control, are examined below. A single-loop 
control is a common control strategy for machine tools, e.g. 
for axis control, and offers potentials to the efficiency of 
cooling systems. However, machine components represent 
MIMO systems whose cross-couplings has to be taken into 
account. This is possible by designing a multi-loop control, 
but such a control strategy has not yet been used for a 
temperature control. Therefore, it is important to find out 
whether a multi-loop control has a positive influence on the 
accuracy of a temperature control. 

 

 

Fig. 4 : Simplified model of the frame structure 

To reach the superordinate goal the following main 
research aspects are necessary: 

 Conception of a methodology for the design of such a 
control strategy 

 Design and dimensioning of an appropriate control 
strategy taking into account the methodology  

 Validation of the control strategies taking into account 
varying test set-ups 

 Derivation of general recommended actions for the 
design of a temperature control system 

In order to evaluate more easily the functionality of the 
methodology and the benefit of the different control 
strategies, a simplified model of the machine frame is used. 
This simplified model divides into 15 elements of equal size 
and volume. Fig. 4 shows the arrangement of the three fluid 
channels in the simplified frame. The simplified model of the 
machine tool frame structure considers the heat conduction 
between the single elements, the heat conduction from fluid 
channel to machine frame, the effects of external heat loads 
on the elements, and the convection to the environment. 

4 COURSE OF ACTION 

This chapter considers the design and implementation of 
the two different control strategies. For both, the single-loop 
control as well as for the multi-loop control, the following 
methodical procedure is applied: 

1. Identification of the controlled system, 
2. Design of the controllers, 
3. Investigation of the control strategy, 
4. Evaluation of the results. 

The following chapters are organized according to this 
methodology and each step is performed for the single-loop 
and the multi-loop control. 

4.1 Identification of the controlled system 

Single-loop control 

The determination of characteristics of the model is a 
description of the transmission behaviour of the controlled 
systems [Bohn 2016]. For this purpose, the following three 
simulations are performed on the machine frame model 
(Fig. 5), which is a simplified variant of Fig. 13. 

The experiment design is carried out in analogy to the set 
point jump of classical control engineering. The limitations 
of the model follow the real physical conditions and 
therewith, only allow the cooling of the elements. In order to 
counteract this, all elements of the frame are heated up 
homogeneously with 10 W per element for 30000 s to reach 
a static final value. Subsequently, the individual sections 
are charged with 7 W cooling capacity for identification. For 
the design of the Single-loop control, the controlled system 
is regarded as three individual single-input-single-output 
(SISO) systems. 

 

Fig. 5 : Experiments for Identification of the controlled 
system 
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In order to determine the system parameters, the actual 
temperature value of the specific frame section is 
considered that corresponds with the applied step of the 
input variable. Identification is carried out based on the step 
response curves, whereas a lag element of unknown order 
(PTn) is assumed and the time percentage coefficient 
method according to [Schwarze 1962] are applied. For all 
three control sections, the order was found to be one, so 
they are proportional elements of first order (PT1). The 

identification equations according to Eq. (1) and (2) are 
used to calculate the proportional gain KP and the time 

constant T1 [Lutz, 2003]. 

𝐾𝑃 =
𝑥𝑎(𝑡→∞)

𝑥𝑒
      (1) 

𝑇1 =
𝑥𝑎(𝑡→∞)

�̇�𝑎(𝑡=0)
     (2) 

The controlled sections of the simplified model of the 
machine frame can now be described by the transfer 
functions according to Eq. (3) – (5). 

𝐺1(𝑠) =
𝑈1(𝑠)

𝑌1(𝑠)
= 

−0.1326

1+𝑠⋅1643.7
    (3) 

𝐺2(𝑠) =
𝑈2(𝑠)

𝑌2(𝑠)
=

−0.1173

1+𝑠⋅2254.4
     (4) 

𝐺3(𝑠) =
𝑈3(𝑠)

𝑌3(𝑠)
=

−0.1326

1+𝑠⋅1643.7
     (5) 

The transfer functions show that the controlled sections 1 
and 3, the external cooling circuits, have identical transfer 
behaviour, which is plausible due to the simplified machine 
frame model. The difference between (3) and (4) can be 
explained by the different influence of the neighbouring 
machine frame elements. However, it is important to carry 
out this step in order to prepare the methodology for future 
utilization. Due to the convection of the frame elements 
among themselves and the environment, the middle 
controlled circuit shows a deviating transfer behaviour. 

Multi-loop control 

In order to determine the characteristics for a multi-loop 
model, the couplings of the individual control circuits must 
be taken into account additionally. For this purpose, it is 
appropriate to represent the transfer behaviour of the 
controlled system in the form of a transfer matrix. 

Based on the same simulations to identify the controlled 
system (Fig. 5) the evaluation of the results is different. In 
case of a MIMO system, all three outputs are considered 
for each experiment and the transfer behaviour of these 
outputs is described. The following 3x3-transfer matrix 
shows the results. 

𝐺(𝑠) = (

𝐺11(𝑠) 𝐺12(𝑠) 𝐺13(𝑠)
𝐺21(𝑠) 𝐺22(𝑠) 𝐺23(𝑠)

𝐺31(𝑠) 𝐺32(𝑠) 𝐺33(𝑠)
)   (4) 

The transfer functions of the three main control loops are 
located on the main diagonal of the matrix (G11, G22, G33); the 
remaining elements of the transfer matrix represent the 
transfer behaviours of the coupling sections. As with single-
loop control, the time percentage method according to 
[Schwarze 1962] is used to identify the system parameters. 

The time constant T1 is averaged from the time percentage 

coefficients of the step response and the tabulated time 
percentage coefficients of the model step function for order 
n (Eq. (6)) [Schwarze 1962]. 

𝑇1 =
1

3
⋅ [
𝑡10

𝜏10
+
𝑡50

𝜏50
+
𝑡90

𝜏90
]    (6) 

As in the case of single-loop control, the three main control 
circuits are of first order, i. e. they are first order proportional 
elements. Therefore, the determination of the time constant 
T1 is done in the same way as for single-loop control, which 

explains the identical results. The proportional gain KP is 

calculated according to Eq. (1). The following transfer 
matrix derives from the results of the identification of the 
controlled system: 

𝐺(𝑠) =

(

 
 

−0.1326

1+𝑠⋅1643.7

−0.0662

(1+𝑠⋅1676.7)2

−0.0374

(1+𝑠⋅1540.3)3

−0.0662

(1+𝑠⋅1676.7)2

−0.1173

1+𝑠⋅2254.4

−0.0662

(1+𝑠⋅1676.7)2

−0.0374

(1+𝑠⋅1540.3)3

−0.0662

(1+𝑠⋅1676.7)2

−0.1326

1+𝑠⋅1643.7 )

 
 

  (7) 

To validate the model accuracy of (7), the temperature time 
behaviours of the simplified machine frame are compared 
with the system output of (7) with identical input time series 
(taken from the identification experiments). To do this, (7) 
was re-modelled as a decoupled controlled system in p-
canonical form [Zacher 2017]. Both outputs are compared 
by the correlation coefficient according to Eq. (8) [Darvishi 
10] and show 0.9898, which indicates very good model 
accuracy. 

∆𝑛Ä =
∑ ((𝑛𝑖𝑠𝑡(𝑖)−𝐸(𝑛𝑖𝑠𝑡)) ⋅ (𝑛𝑚𝑜𝑑𝑒𝑙(𝑖)−𝐸(𝑛𝑚𝑜𝑑𝑒𝑙)))
𝑙
𝑖=1

√∑ ((𝑛𝑖𝑠𝑡(𝑖)−𝐸(𝑛𝑖𝑠𝑡))
2
)𝑙

𝑖=1  ⋅ ∑ ((𝑛𝑚𝑜𝑑𝑒𝑙(𝑖)−𝐸(𝑛𝑚𝑜𝑑𝑒𝑙))
2
)𝑙

𝑖=1

  (8) 

This step serves as validation for the identification 
procedure and is a requirement for moving along to the 
subsequent step of the methodology. With the addition of 
the graphical evaluation, the occurring deviations between 
the real and re-modelled controlled system can be 
assessed as very slight and the transfer matrix as 
sufficiently accurate for the further procedure. However, the 
deviations also indicate that no ideal behaviour of a PTn – 
element occurs and that the assumption of such an element 
does not completely satisfy the transfer behaviour of the 
model. 

4.2 Design of the controllers 

Single-loop control 

Based on the identified parameters of the controlled 
system, the design of the controllers of the three single-loop 
control circuits uses the following various tuning rules: 

(1) Amplitude optimum 
(2) Symmetrical optimum 
(3) Chien, Hrones, Reswick (0% overshoot)  
(4) Chien, Hrones, Reswick (20% overshoot) 
(5) Ziegler and Nichols [Lutz 2003] 

All of these optimization criteria theoretically require the 
design of a pure I-controller, since the identification 
approximates the controlled systems as first order 
proportional elements. Such a control law, however, leads 
to a slow control behaviour. In addition, it can be assumed 
that the simplified model of a machine frame does not 
exhibit ideal behaviour despite identification as a PT1 – 
element (see section 4.1). For these reasons, the chosen 
approach is a PI control law. The transfer function of a PT1 
controlled system is defined with a delay time constant T1. 

However, to design a PI control law, a transfer behaviour 
with two time constants is necessary. Therefore, additional 
assumptions must be made for the second time constant. It 
is assumed that the second time constant is very small 
compared to the delay time constant T1. 

Therefore, the smallest possible sampling time (ttast = 0.1 s) 
of the discrete simulation is used for this second time 
constant. For the controllers of the single-loop control the 
parameters are calculated according to table 1. 
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Table 1 : Calculated parameters of the single-loop 
controllers 

Tuning 

rule 

Proportional coefficient 

KR [K/W] 

Reset time 

TN [s] 

 KR1 KR2 KR3 TN1 TN2 TN3 

(1) 61,977 96,075 61,9177 1,643 2,254 1,643 

(2) 61,977 96,075 61,9177 0.4 0.4 0.4 

(3) 26,254 26,256 26,254 1,193 1,056 1,193 

(4) 45,010 45,012 45,010 994 880 994 

(5) 111,563 172,971 111,563 0.3 0.3 0.3 

Multi-loop control 

For the temperature control of the machine tool frame 
structure, a multi-loop control by means of decoupling with 
a controller network in v-canonical form (Fig. 6) is aimed at. 

 

Fig. 6 : Controller network in v-canonical form [Zacher 
2017] 

This is a descriptive and easy to understand method of a 
multi-loop control, but represents an additional effort 
compared to a single-loop control. The design of the three 
main controllers and six decoupling controllers is based on 
the three main control loops and six coupling loops. Since 
the transmission behaviour of the main control loops of the 
multi-loop control and the control loops of the single-loop 
control are identical, the results for single-loop controllers 
are also identical with the three main controllers of the multi-
loop control. The transmission behaviour of the decoupling 
controllers is being calculated according to [Zacher 2017] 
with the following Eq.: 

𝐺𝑅12(𝑠) =
𝐺12(𝑠)

𝐺11(𝑠)
=

0.0662+𝑠⋅108.8

0.1326+𝑠⋅477.7+𝑠2⋅372800
  (9) 

𝐺𝑅21(𝑠) =
𝐺21(𝑠)

𝐺22(𝑠)
=

0.0662+𝑠⋅149.2

0.1173+𝑠⋅393.4+𝑠2⋅329800
  (10) 

𝐺𝑅13(𝑠) =
𝐺13(𝑠)

𝐺11(𝑠)
=

0.0374+𝑠⋅61.47

0.1326+𝑠⋅612.8+𝑠2⋅94⋅104+𝑠3⋅48⋅107
 (11) 

𝐺𝑅31(𝑠) =
𝐺31(𝑠)

𝐺33(𝑠)
=

0.0374+𝑠⋅61.47

0.1326+𝑠⋅612.8+𝑠2⋅94⋅104+𝑠3⋅48⋅107
 (12) 

𝐺𝑅23(𝑠) =
𝐺23(𝑠)

𝐺22(𝑠)
=

0.0662+𝑠⋅149.2

0.1173+𝑠⋅393.4+𝑠2⋅329800
  (13) 

𝐺𝑅32(𝑠) =
𝐺32(𝑠)

𝐺33(𝑠)
=

0.0662+𝑠⋅108.8

0.1326+𝑠⋅477.7+𝑠2⋅372800
  (14) 

The complete controller network of the multi-loop control, 
consisting of the designed single-loop controllers (see table 
1) combined with the decoupling controllers (according to 
Eq. (9) to (14)), is implemented and examined in 
Matlab/Simulink©. 

4.3 Evaluation of the control strategy 

For the model of the machine frame, investigations with 
various test set-ups take place. Only by variation of these 
conditions a broad analysis of the control approaches with 
reference to practical applications is possible, in order to 
derive generally valid recommendations for action.  

Varying test set-ups 

The chosen varying bounding conditions for the 
experimental investigations are 

 Exposure scenarios (ES) and 

 Schemes of the effective thermal loads (SETL). 

The real HPC machine frame, investigated in the CRC 
transfer project, forms the basis for a machine tool. Hence, 
a cutting process was chosen as role model for 
investigation. To meet the reduced complexity of the 
machine frame (Fig. 4), the assumptions to represent the 
process in terms of ES were also simplified. Preliminary 
investigations by the CRC/TR 96 show that a significant 
amount of the heat exposure of a spindle is transferred to 
the frame structure of a machine tool. Hence, one fluid 
channel represents this heat input and one element in the 
model is loaded with 250 W (for ES 1) or respectively with 
150 W (for ES 2). The two other fluid channels represent 
cooling systems of feed drives. Therefore, the external heat 
exposure acts on all elements of the respective cooling 
channel with 25 W (ES 1) or respectively 50 W (ES 2). 
Inspired by typical machining processes, a combination of 
roughing, Fig. 7-(1), semi-finishing, Fig. 7-(2), and finishing, 
Fig. 7-(3), is assumed. Hence, a cycle with three processing 
steps of 60 minutes and decreasing exposure 
intensity/thermal load was defined. After machining, a 
machine set-up process is typically necessary. Therefore, a 
60 minute machine standstill is included, Fig. 7-(4), where 
no external heat loads are present. 

 
Fig. 7 : Thermal loads of exposure scenario 1 and 2 

Two ES were designed; scenario 1 shows a high gradient 
between the maximum heat exposure of the spindle and the 
heat exposure of the feed drives, whereas this gradient is 
low for ES 2 (see Fig. 8). For the comparison of the different 
limitations of the actuating variable, a differentiation in the 
selection of the points of application of the effective thermal 
loads is made. Fig. 8 shows the two designed schemes of 
the effective thermal loads. For scheme 1 the heat 
exposure caused by the spindle acts on element 2 in the 
simplified simulation model, this means in the middle of the 
upper fluid channel. 
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Fig. 8 : SETL 1 (left) and SETL 2 (right) 

For scheme 2 this heat exposure acts on element 14, this 
means in the middle of the lower fluid channel. It can be 
concluded that for scheme 1, the control circuit with a large 
coolant requirement is at the beginning of the "supply 
chain", for scheme 2 at the end of it. The elements of the 
other two fluid channels are each subjected to the heat 
exposure of the feed drives. 

Results of the simulation comparing single- and multi-loop 
control 

To validate the performance of the two control strategies, 
simulations were performed with both exposure scenarios 
in combination with both schemes of the effective thermal 
loads. For the evaluation of the results, the integral of 
absolute error (IAE) [Schulz 2015] was calculated as quality 

criterion. This was used for the determination of the 
deviations IAEsetpoint to the set point temperature Tsetpoint 

according to Eq. (15). For an optimal feedforward setpoint 
control strategy, this quality criterion must be minimized. 

𝐼𝐴𝐸𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡 =  ∑ ∫ |𝑥𝑎𝑖(𝑡) − 𝑇𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡| 𝑑𝑡
∞

0
3
𝑖=1   (15) 

Eq. (16) is used to calculate the deviations of the 
temperature curves among each other (IAEgradient). To 

reduce the temperature gradients IAEgradient must be 

minimized. 

𝐼𝐴𝐸𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 = ∑ ∑ ∫ |𝑥𝑎𝑖(𝑡) − 𝑥𝑎𝑗(𝑡)| 𝑑𝑡
∞

0
3
𝑗=𝑖+1

3
𝑖=1  (16) 

Fig. 9 and 10 show the results of the single-loop control for 
exposure scenario 2 with both schemes of the effective 
thermal loads. Fig. 9 shows them in combination with a 
static distribution of the actuating variable, Fig. 10 with a 
harmonized distribution. Based on the calculated IAEsetpoint 

and IAEgradient (see Table 2), it can be seen that the single-

loop control operates with identical control accuracy by 
using a harmonized distribution of the actuating variable, 
independent of the scheme of the effective thermal loads. 
From this, it can be concluded that the temperature regime 
of the machine tool frame structure becomes independent 
of the occurrence of the thermal loads. If the knowledge 
gained from this control strategy is adapted to other 

machine components or to the entirety of a machine tool, 
great potential for a more flexible, thermally stable 
individual part production becomes apparent. Thus, a 
harmonized limitation of the actuating variable can react 
more efficiently to thermal problems caused by varying load 
collectives acting on the machine than currently applied 
temperature controls. For the demonstrated application, the 
results (see table 2) show an improvement by 32.4 % of the 
sum of IAEsetpoint and IAEgradient for SETL 1 and ES 2. The 

application of the presented distribution of actuating 
variable is not required for machines in series production, 
as thermal problems can already be reduced to a minimum 
during the hydraulic design of the fluid system by taking into 
account the occurring effective thermal loads. 

Table 2 : Results of the quality criteria of the single-loop 
control for exposure scenario 2 

SETL DOAV 
Tuning 

rule 
IAEsetpoint IAEgradient 

1 static 5 123,457 120,408 

2 static 5 129,786 152,072 

1 harmonized 2 126,099 38,823 

2 harmonized 2 126,099 38,823 

Based on Fig. 11 and 12, the two control strategies are 
investigated, single-loop control (Fig. 11) and multi-loop 
control (Fig. 12) will be compared. The simulation results 
show that the use of a multi-loop control system achieves a 
higher control quality with regard to a homogeneous 
temperature field (Table 3 – IAEgradient) within the machine 

tool frame structure. By minimizing the temperature 
gradient, however, global deviations from the actual value 
to the setpoint (Table 3 – IAEsetpoint) occur, which causes a 

holistic heating of the structure. 

Table 3 : Results of the quality criteria for exposure 
scenario 2 with harmonized DOAV 

SETL 
Control 

strategy 

Tuning 

rule 
IAEsetpoint IAEgradient 

2 single-loop 2 126,099 38,823 

2 multi-loop 5 136,826 32,116 

In contrast, single-loop control pursues the goal of a strict 
setpoint sequence, which means that the global deviations 
from the setpoint temperature are smaller than with multi-
loop control. In the simulation results, in which the multi-
loop control for exposure scenario 1 was investigated, the 
use of the harmonized distribution of the actuating variable 
(Fig. 14), contrary to expectations, does not show positive 
effects on the control quality. 

 
Fig. 9 : Temperature curves of the single-loop control with 

static distribution of actuating variable 

 
Fig. 10 : Temperature curves of the single-loop control with 

harmonized distribution of actuating variable 
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Fig. 11 :Temperature curves of the single-loop control with 
harmonized distribution of actuating variable 

 

Fig. 12 : Temperature curves of the multi-loop control with 
harmonized distribution of actuating variable 

In comparison to a static control value restriction (Fig. 13), 
both the control performance with respect to the setpoint 
value and the control performance with respect to a 
homogeneous temperature field deteriorate (see Table 4). 

Table 4 : Results of the quality criteria of the multi-loop 
control for exposure scenario 1 

SETL DOAV 
Tuning 

rule 
IAEsetpoint IAEgradient 

2 static 5 149,624 111,415 

2 harmonized 4 172,445 125,946 

5 CONCLUSION AND OUTLOOK 

Industry 4.0 requires highly efficient production in 
manufacturing. Basically, this results in demands for high 
precision, low machining times and low costs, both for the 
process and for the machine tool. Combined with the 
demand for flexibility and batch size 1, the minimisation of 
the temperature gradients associated with the control of the 
temperature field enables highly precise and adaptive 
production. This involved the design and investigation of 
several control strategies for a demand-oriented 
temperature control for the given use case. The application 
case includes the problem of the limited and jointly used 
actuating variable as well as that of the coupled controlled 
system. A decentralized single-loop control and a multi-loop 
control by decoupling were designed, investigated and 
compared, whereby both strategies were investigated with 
a static and harmonized distribution of actuating variable for 
varying test set-ups. The objective was to create the basis 
for a transferable methodology for this research area. 

It was possible to demonstrate the positive effects of 
changing the controller structures, but also by adjusting the 
limitation of the actuating variable. In particular, potentials 
to efficiently control the inhomogeneity of the temperature 
field of a machine tool are shown. The design of the control 
strategies shown here can be regarded as a methodology 
for more complex simulation models and practical 
applications for temperature control. The next step of 
development is the implementation of the temperature 
control at the Hydropol frame (see Fig. 15) with optimized 
cooling system and decentralized arrangement of the 
pumps. 

 

Fig. 13 : Hydropol machine tool frame 

Therefore, the following steps have to be worked out: 

 Adaptation of the developed methodology to new 
boundary conditions of the Hydropol frame 

 Implementation of the adapted methodology in the PLC 

 Execution and evaluation of measurement tests to 
examine the controller performance 

 

Fig. 14 : Temperature curves of the multi-loop control with 
static distribution of actuating variable 

 

Fig. 15 : Temperature curves of the multi-loop control with 
harmonized distribution of actuating variable 
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Such demand-based temperature control can also be 
relevant for other machine components and should 
therefore be investigated further. For highly complex MIMO 
systems, which have considerably more input and output 
variables than the simplified machine frame model, a prior 
critical estimation of the necessary effort for design is 
mandatory. In addition, considerations should be made 
here about further implementation possibilities of a multi-
loop control, since the clarity and traceability of a 
decoupling control for a high number of input and output 
variables is no longer given. 
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