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Learning

model

Sustainability in production lines

Analogy between route and production planning

FutureToday

Live statement: Current 

traffic situation
Boundary conditions Live data+

Energy-efficient resource usage

Fuel-saving route 
(Gradient, traffic, 

speed)

Charging stations 
(Charging location, 

minimum charging 

time)

Auftragsdaten

Current route
Target location

Energy savings

Start location

1 h 14 min

Sources: Google, impulse.de

History

Vacation in Bavaria

Frost in NRW Snow in Bavaria

Rain in NRWWeekend startClosing time

Arrival time

Possible

detours

Short term 

closures

Traffic jam

Learned traffic situation
Now

1h 14 min (84 km)

Up to 18% fuel savings

Actual fastest route based on the 

traffic situation
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Status quo and scenarios for increasing the sustainability contribution

Paradigm until 2023

Economic success correlates 

with use of resources

Current

status
Target

status
Potential 

use

Sustainability goal from 

2023 onwards

Minimal use of resources for 

the number of products that 

meets demand

Overproduction

Longer use

Resource intensive

production

Resources Products Demand

Industrial 

hardware 

More efficient use1

2

3 Same demand 

with fewer products

1 32
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Resources

Waste

User 1

User 2
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Resources

Waste
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Waste
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efficient 
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Circulation
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Sustainability in production lines 

Main spindle & 

feed drives

Hydraulic system

Cooling lubricant 

supply

Cooling lubricant 

preparation

Cooling system

Control system

Others

Electrical power 

consumption in 

operation (100 %)

Spindle

failure

Time [s]
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Process time3

Time [a]Time [h]

Base 

load
1

Life time4

Image source: Heller

Source: EWOTeK

1

Minimization 

of base load

Targets for sustainable production lines

e.g.

warm-up
2

Demand-oriented 

use of auxiliary 

units

2
e.g. minimize 

warm-up
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Goal 1

Optimized temperature management for an efficient operation

Status quo

➢ Long warm-up phases

➢ High thermal variations during 

operation

➢ Non-shutdown of machines / High 

base load of auxiliary units

Do not

switch off!

Goal 1: Reduction of warm-up phases 

(Productivity)

Goal 3: Reduction of energy 

consumption (Energy use)

Source: Heller

Goal 2: Increase of machining 

accuracy (Quality)
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Actual
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Solid line: average power 

consumption
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Adaptive design of active cooling systems using a model predictive 
controller

Predicted ST
Machine 

internal data

Machine

Optimizer

System model

Cooling unit

Actual flow 

temperature
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Adaptive design of active cooling systems using a model predictive 
multivariable controller

Predicted ST,

Predicted PC Machine 

internal data

Machine

Optimizer

System model

Cooling unit

Actual flow 

temperature
Target ST, Target PC Actual ST
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1) Reduction of warm-up phase

2) Stabilization of thermal behavior 

during operation

3) Bridging of break times

Warm-up

Model predictive control (MPC) of active cooling systems

Research object:

motor spindle

Results

break

time
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Sustainability in production lines

Main spindle & 

feed drives

Hydraulic system

Cooling lubricant 

supply

Cooling lubricant 
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Cooling system

Control system
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Spindle
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Image source: Heller
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1

Minimization 

of base load

Targets for sustainable production lines

e.g.

warm-up
2

Demand-oriented 

use of auxiliary 

units

2
e.g. minimize 

warm-up

Minimization 

of process 

time

3
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Live data monitoring

Label Insights

Generation of digital

expert knowledge
2

Machine internal sensors

Data-driven learning from human expertise

Data generation

Data

Recommendations & guidance

Label

Data

Use of refined data

Use of digital expert 

knowledge

1

2

Process-parallel

material removal simulation
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Knowledge-based process minimization

Process parameter map

for a tool-material combination

Use of digital

expert knowledge

Optimal parameters 

according to explicit or 

expert knowledge

Cutting depth (𝑎𝑝)

Cutting width (𝑎𝑒)

Process-parallel determination of 

the engagement situation

1

2

Generation of

digital expert

knowledge

▪ Provision of relevant information

(e.g. optimal 𝑣𝑐 and 𝑓𝑧 for current 𝑎𝑝
and 𝑎𝑒)

▪ Experts exceed the defined optimal 

parameter

▪ After subjective expert evaluation, 

there is a possibility to 

acknowledge new limits

▪ Complete digital contextualization

(Override speed and feed) enables 

process-parallel digitalization of 

expert knowledge

Machine internal sensors

Cutting speed (𝑣𝑐)
Feed per tooth (𝑓𝑧)

Process parallel determination of 

cutting data

Use of digital

expert knowledge
1

Generation of digital

expert knowledge
2



© Werkzeugmaschinenlabor WZL / Fraunhofer IPT12

• NC code scan for following 

process steps

• Checking the exceedance of            

stability limit

Demand-based 

stability calculation

Rotational speed

D
e
p
th

 o
f 
c
u
t

Warning system

Identification of machining 

parameters

Process force

• Determination of cutting force 

coefficients

Warning on 

machine

Process stable

stable

unstable

stable

unstable

• Process parallel simulation

• Semi analytical method in 

time domain (SD)

• Stability limit for current 

process parameters
Use case

➢ HSC machining

➢ Small batch production

𝑏𝑘𝑟𝑖𝑡 𝑛

Apriori

Online

Machine dynamics

• Substructure coupling of 

machine and tool

𝑏𝑘𝑟𝑖𝑡 𝑛 > 𝑏𝑖𝑠𝑡(𝑁𝐶, 𝑡)

𝑏𝑘𝑟𝑖𝑡 𝑛 < 𝑏𝑖𝑠𝑡(𝑁𝐶, 𝑡)Database

1

2

3

4

5

Model-based process optimization

Sources: Heller, Sandvik, Siemens
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https://www.google.de/url?sa=i&url=https%3A%2F%2Fde.clipartlogo.com%2Fimage%2Fbutton-green-clip-art_465067.html&psig=AOvVaw1pjvJmxjkntGS1b_Lz0MrH&ust=1595595679564000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCPj7xKC34-oCFQAAAAAdAAAAABAD
https://www.google.de/url?sa=i&url=https%3A%2F%2Fhc-maschinentechnik.de%2FVHM-Schaftfraeser-mit-TiAlN-Z4&psig=AOvVaw19DPCBU2toHB3L-_Q4HLLo&ust=1596088697083000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCLiq4PLj8eoCFQAAAAAdAAAAABAL
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• NC code scan for following 

process steps

• Checking the exceedance of            

stability limit

Demand-based 

stability Calculation
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➢ HSC machining
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Machine dynamics

• Substructure coupling of 
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Model-based process optimization
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]

▪ Natural frequency 𝝎𝒏

▪ Relative damping ξ

▪ Modal mass 𝒎𝒕

Experimental-analytical 

substructure coupling 

Sources: Heller, Sandvik, Siemens

https://www.google.de/url?sa=i&url=https%3A%2F%2Fwww.uni-giessen.de%2Ffbz%2Ffb01%2Fprofessuren-forschung%2Fprofessuren%2Fekkenga%2Fmediathek%2Fbilder%2Fwarnung.png%2Fimage_view_fullscreen&psig=AOvVaw1-sn5GAfD74gkCsx3yBzcq&ust=1595595617095000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCPiC8IO34-oCFQAAAAAdAAAAABAD
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https://www.google.de/url?sa=i&url=https%3A%2F%2Fhc-maschinentechnik.de%2FVHM-Schaftfraeser-mit-TiAlN-Z4&psig=AOvVaw19DPCBU2toHB3L-_Q4HLLo&ust=1596088697083000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCLiq4PLj8eoCFQAAAAAdAAAAABAL
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➢ HSC machining

➢ Small batch production

𝑏𝑘𝑟𝑖𝑡 𝑛

Apriori
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Machine dynamics

• Substructure coupling of 

machine and tool
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Model-based process optimization

• NC-Code Scan für folgende

Fertigungsschritte

• Überprüfung auf 

Überschreitung der 

Stabilitätsgrenze

Frühwarnsystem

Warnung auf 

der Maschine

Prozess stabil

stabil

instabil

stabil

instabil

Use-Case

➢ HSC Zerspanung

➢ Kleinserienfertigung

𝑏𝑘𝑟𝑖𝑡 𝑛 > 𝑏𝑖𝑠𝑡(𝑁𝐶, 𝑡)

𝑏𝑘𝑟𝑖𝑡 𝑛 < 𝑏𝑖𝑠𝑡(𝑁𝐶, 𝑡)

5

𝑐𝑥𝑥

𝑘𝑥𝑥

𝑘𝑦𝑦𝑐𝑦𝑦

𝑥

𝑦
𝜑

2-DOF milling model 𝑀 ሷ𝑋 𝑡 + 𝐶 ሶ𝑋(𝑡) + 𝐾𝑋 𝑡 = 𝐹(𝑡)

𝐹 𝑡 =
𝐹𝑥
𝐹𝑦

=

෍

𝑛=1

𝑁

𝐹𝑡𝑐𝑜𝑠𝜑𝑛 𝑡 − 𝐹𝑟𝑠𝑖𝑛𝜑𝑛(𝑡)

෍

𝑛=1

𝑁

−𝐹𝑡𝑠𝑖𝑛𝜑𝑛 𝑡 − 𝐹𝑟𝑐𝑜𝑠𝜑𝑛(𝑡)

)𝐹𝑡 = 𝑏(𝐾𝑡𝑐h + 𝐾𝑡𝑒 )𝐹𝑟 = 𝑏(𝐾𝑛𝑐h + 𝐾𝑛𝑒

ℎ = ℎ𝑠𝑡𝑎𝑡 + ℎ𝑑𝑦𝑛

∆𝑥 = 𝑥 𝑡 − 𝑥(𝑡 − 𝜏)

Modulation of chip thickness

ℎ𝑑𝑦𝑛 = ∆𝑥 𝑠𝑖𝑛𝜑𝑛 𝑡 + ∆𝑦 𝑐𝑜𝑠𝜑𝑛 𝑡

Linear force model Altintas

𝜏 := tooth passing frequency

▪ Delayed differential equation with periodic behaviour is discretised and 

approximated with a set of ordinary differential equations.

▪ Assessment of process stability based on an eigenvalue analysis

according to Floquet theory.

▪ Targeted evaluation of the stability around the current operating point.

cutting force coefficients

Sources: Heller, Sandvik, Siemens

https://www.google.de/url?sa=i&url=https%3A%2F%2Fwww.uni-giessen.de%2Ffbz%2Ffb01%2Fprofessuren-forschung%2Fprofessuren%2Fekkenga%2Fmediathek%2Fbilder%2Fwarnung.png%2Fimage_view_fullscreen&psig=AOvVaw1-sn5GAfD74gkCsx3yBzcq&ust=1595595617095000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCPiC8IO34-oCFQAAAAAdAAAAABAD
https://www.google.de/url?sa=i&url=https%3A%2F%2Fde.clipartlogo.com%2Fimage%2Fbutton-green-clip-art_465067.html&psig=AOvVaw1pjvJmxjkntGS1b_Lz0MrH&ust=1595595679564000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCPj7xKC34-oCFQAAAAAdAAAAABAD
https://www.google.de/url?sa=i&url=https%3A%2F%2Fhc-maschinentechnik.de%2FVHM-Schaftfraeser-mit-TiAlN-Z4&psig=AOvVaw19DPCBU2toHB3L-_Q4HLLo&ust=1596088697083000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCLiq4PLj8eoCFQAAAAAdAAAAABAL
https://www.google.de/url?sa=i&url=https%3A%2F%2Fwww.uni-giessen.de%2Ffbz%2Ffb01%2Fprofessuren-forschung%2Fprofessuren%2Fekkenga%2Fmediathek%2Fbilder%2Fwarnung.png%2Fimage_view_fullscreen&psig=AOvVaw1-sn5GAfD74gkCsx3yBzcq&ust=1595595617095000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCPiC8IO34-oCFQAAAAAdAAAAABAD
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Sustainability in production lines 
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▪ Provision of relevant information 

(e.g. optimal operating conditions 

for the main spindle)

▪ Process-parallel acquisition of 

transferable load conditions of 

relevant machine components along 

their service life 

▪ Transferability of the parameters 

enables use for machine learning 

approaches

Use of digital

expert knowledge
1

Increase in 

technical availability
2

2
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Conclusion & outlook

New approaches

▪ Optimized temperature management

▪ Process time minimization through digital 

expert knowledge

▪ Update capability of hard- and software

▪ …

… Mid 

term

Long 

term

Strategic vision

Sustainability through digital expert knowledge

▪ Knowledge transfer

▪ Increased productivity, wear reduction

Sustainability through company-wide knowledge transfer

▪ Knowledge extraction and persistence as business know-how

▪ Cross-departmental utilization opportunities

▪ Meeting demographic change

Sustainability through cross-company knowledge trading

▪ Purchase/sale of business know-how

▪ Data-based price determination according to individual

efficiency increase

▪ Requirement: Data security and anonymity
Known approaches

▪ Energy-efficient

auxiliary units for base

load minimization

▪ …
Short

term

…



Thank you very much for your attention!
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