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1 Drive Systems 
 
 
 
1.1 Rotational Electrical Drives 
1.2 Linear Electrical Drives 
1.3  Linear Pneumatic Drives 
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General Layout of an Electro-Mechanical  Drive System(Motion-Control-System: MCS) 

Generation of Target Values 

Motion Controller Power 
electronics 

Gear Box Mechanism Manipulation 
Device Process Motor 

Slide 3 / 34 

Pmot Pin Pout Ppro 

Electromechanical Drivetrain 

Motion-Control-System (MCS) 

Pel 

Higher Level Machine-/Facility Controller 

Pmains 

S1: High level signal 
S2: Lead signal 
S3: Target values of motion state 
S4: Target value of power electronics 
S5: Actual values of motion state 
S6: Actual values of  motor state 

S1 

S2 

S3 

S4 

S5 S5 S5 S5 S6 
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• What maximum power is required? 

• What maximum force/torque is required? 

• What maximum RPM is required? 

• Variable RPM?  

• RPM Control? 

• Position Control? 

• Which supply voltage is available? 

• Which acceleration capability is required? 

• What precision is required? 

• … 

Main Questions During the Design Phase Slide 4 / 34 

P=F∙v or P=T∙ω  

nmax? 

n= f(t) 

Precision? Control Concept? 

Precision? Control Concept? 

220 V, 380 V, … 

M=J∙ 𝜑̈ ? ? 

Fmax or Tmax? 
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Mechanical commutation leads to rough performance 
and high wear with limited life time 

Especially for high power requirements 

Low-noise operation, robust construction  
and high durability for high performance 
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stepper motor 

switched reluctance motor 

Three-phase asynchronous motor 

AC motor capacitor with double-
stranded auxiliary branch and 
squirrel-cage rotor 

AC motor capacitor with three 
strands auxiliary branch and 
squirrel-cage rotor 

Permanent magnet DC motor 

Universal motor 

Elektronic motor 

DC series motor 

DC shunt motor 

Three-phase synchronous motor 

AC motor capacitor with double-
stranded auxiliary branch and 
permanent magnet rotor 

AC motor capacitor with three 
strands auxiliary branch and 
permanent magnet rotor 

 Motor Characteristics  
 
 
 
 
 
 
 
 
 
 
Motor Type 

Characteristics of Electrical Machines Slide 5 / 34 
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1 Drive Systems 
 
 
 
1.1 Rotational Electrical Drives 
1.2 Linear Electrical Drives 
1.3  Linear Pneumatic Drives 
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1) Flange 

2) Permanent magnet 

3) Housing (magnetic back flow) 

4) Shaft 

5) Electric coil 

6) Collector plate 

7) Collector  

8) Graphite brushes 

9) Precious metal brushes 

10) End cover 

11) Electric connectors 

12) Ball bearings 

13) Sintered journal bearings 

Influence on life time 

• Electric loading 

• RPM 

• Operation mode 

• Environmental influence 

• Brush design 

Source: maxon motor, Sachseln, OW, CH 

Permanent magnet DC motor with mechanical commutation 

Graphite brushes 

• In large Motors 

• For high current loads 

• For Start-Stopp-operation 

• For reverse operation 

Precious metal brushes 

• In smaller Motors 

• For low current loads 

• For continuous operation 

• For battery operation 

Slide 7 / 34 
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1) Flange 

2) Housing  

3) Stator 

4) Electric coil 

5) Permanent magnet 

6) Shaft 

7) Balancing disks 

8) Print with hall-sensors 

9) Control magnet 

10) Pre-stressed ball bearings 

11) Pre-stressing spring 

Block commutation with 
Hall sensors 

• Relatively simple and cost efficient 
electronics 

• Torque rippels 

• Controlled start-up 

• High start-up torque and accelerations 
even for Start-Stop 

• For high dynamic servo drives 

Source: maxon motor, Sachseln, OW, CH 

Sensorless block commutation 

• Torque rippels 

• No defined start-up 

• Not suitable for low RPM 

• Especially for continuous operation with 
higher RPM 

Sine commutation  

• More expensive electronics 

• No torque rippels 

• Very smooth RPM characteristics 

• Higher continuous torque 
then for block commutation 

EC motor (electronically commutated) with ironless coils Slide 8 / 34 
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1) Output shaft 

2) Mounting flange 

3) Shaft bearing 

4) Axial bearing 

5) Gear-motor connection plate 

6) Gears 

7) Pinion 

8) Planetary gears 

9) Sun gear 

10) Planetary carrier 

11) Annulus gear  

Source: maxon motor, Sachseln, OW, CH 

Slide 9 / 34 Gear Motors 

Spur-gear system  

• cost efficient  

• For low torque 

• Two oder multi stage 

• High gear ratios possible 

• High efficiency and low  
noise emission Planetary gear system  

• For high torque 

• High power density 

• Two oder multi stage 

• High gear ratios with low space 
requirements  

• For high dynamic servo drives 
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Slide 10 / 34 Basic Equations According to Willis 

Angular velocity of orbital gear 2: 

z10z20z21z21z10z20 ω−ω=ω⇒ω+ω=ω  

With the base transmission ratio 21/31i  and thus z2121/31z31 i ω⋅=ω   
the Basic Equation according to Willis can be derived: 

( )z10z2021/31z10z30 i ω−ω+ω=ω  resp. ( ) z1021/31z2021/31z30 i1i ω−+ω=ω  

Angular velocity of sun gear 3: 

z31z10z30 ω+ω=ω  

Stationary 
transmission ratio: 

21

31
21/310 ii

ω
ω

==  
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Slide 11 / 34 Basic Equation According to Willis 

Angular velocity of orbital gear 2: 

z10z20z21z21z10z20 ω−ω=ω⇒ω+ω=ω  

With the base transmission ratio 21/31i  and thus z2121/31z31 i ω⋅=ω   
the Basic Equation according to Willis can be derived: 

( )z10z2021/31z10z30 i ω−ω+ω=ω  resp. ( ) z1021/31z2021/31z30 i1i ω−+ω=ω  

Angular velocity of sun gear 3: 

z31z10z30 ω+ω=ω  

Base 
transmission ratio: 

21

31
21/310 ii

ω
ω

==  

www.dmg-lib.org  

Robert Willis (1800 - 1875) 
English mathematician and architect, 
Professor of natural- und experimental science 
at Cambridge University  

http://www.dmg-lib.org/
http://www.dmg-lib.org/dmglib/handler?biogr=100004
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Slide 12 / 34 Realizable Transmission Ratios for Planetary Gears 

Basic equation according to Willis 

( ) z1021/31z2021/31z30 i1i ω−+ω=ω  with 1
r
ri
3

2
21/31 −<=  

In-
put 

Out-
put 

grounded Willis Transmission 
ratio 

3 2 1 z2021/31z30 i ω=ω  
21/31i

1i=  

3 1 2 ( ) z1021/31z30 i1 ω−=ω  
21/31i1

1i
−

=

 

2 3 1 z2021/31z30 i ω=ω  21/31ii=  

2 1 3 ( ) z1021/31z2021/31 i1i0 ω−+ω=  
21/31

21/31

i1
i

i
−
−

=

 

1 3 2 ( ) z1021/31z30 i1 ω−=ω  21/31i1i −=  

1 2 3 ( ) z1021/31z2021/31 i1i0 ω−+ω=  
21/31
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i
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Slide 13 / 34 VDI 2157: Planetary Gear Drives 
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Source: maxon motor, Sachseln, OW, CH 

Digital incremental encoder 

• Relative position signal 

• Rotation direction detection 

• Standard solution for many 
applications 

DC Tacho 

• Analog RPM-signal 

• Rotation direction detection 

• Unsuitable for positioning demands 

Resolver 

• Analog rotor position signal 

• Analog  RPM signal 

• Complex evaluation electronics 
required 

• Special solution for EC-motors 

Encoders Slide 14 / 34 

Output signals of a digital encoder 

Phase Shift A,B 
Cycle 

Channel A 

Channel B 

Channel I 
Index Pulse Width 

Phasing of Index Pulse 

Schematic design 
 of an opto-electronic encoder 

Motor 
Shaft 

Aperture LED Impuls 
Disk 

Photo Transistor 

Schematic design 
 of a magnetic encoder 

Sensor 
Plate 

Magnet 
Rotor 

Motor 
Shaft 

Schematic design  of a resolver 

Primary Side SecondarySide 
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Motor characteristics
Phase to phase resistance
Phase to phase inductivity
Torque constant
RPM constant
Characteristic gradient
Mechanical Time Constant
Rotor inertia

Motordata                                                             

Energy Conversion and Motor Constants 

Power balance 

lossmechel PPP +=  losselmech PPP −=⇒  

Quelle: maxon motor, Sachseln, OW, CH 

Elektromechanical Parameters 

Idle current  [ ]AI0  

Elektrical Power: IUPel ⋅=  

Mechanical Power: Mn2MPmech ⋅⋅π=⋅ω=  

Power Loss mech,lossel,lossloss PPP +=  

Elektrical Power Loss 2
0indel,loss IUP ⋅=  

Mechanical Power Loss 0MRmech,loss IkMP ⋅⋅ω=⋅ω=  
This constant allows to calculate the 
torque for a given current value 

  IkM MR ⋅=  

This constant allows to calculate the 
induced, field weakening voltage for a 

given RPM value n
k

U
n

ind ⋅=
1  

RPM constant: 





V
min1

kn  

Pel 

Pmech 
Ploss 

Torque constant 





A
NmkM  

Slide 15 / 34 
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Motor characteristics
Phase to phase resistance
Phase to phase inductivity
Torque constant
RPM constant
Characteristic gradient
Mechanical Time Constant
Rotor inertia

Motordata                                                             

Quelle: maxon motor, Sachseln, OW, CH 

Power and Torque Loss 

Idle RPM  
min

110100n ⋅=  

RPM constant: 
V
min1

213kn ⋅=  

Ind. Voltage V4.47V
213

10100Uind ⋅=⋅=  

Parameters and formulas 

Elektrical Power: lossmechel PPIUP +=⋅=  

Mechanical Power: Tn2TPmech ⋅⋅π=⋅ω=  

Elektrical Power Loss 2
0indel,loss IUP ⋅=  

Mechanical Power Loss 0MRmech ,loss IkTP ⋅⋅ω=⋅ω=  

Shaft Torque IkT M ⋅=   

Induced Voltage n
k

U
n

ind ⋅=
1  

Torque constant: 
A

mNm8.44kM ⋅=  

Idle current A348.0I0 ⋅=  

  ω⋅= ωk  

Slide 16 / 34 

Torque loss mNm59,15IkT 0MR ⋅=⋅=  

Power loss W5,16P mech ,loss ⋅=  

Pel 

Pmech 
Ploss 
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Motor characteristics
Phase to phase resistance
Phase to phase inductivity
Torque constant
RPM constant
Characteristic gradient
Mechanical Time Constant
Rotor inertia

Motordata                                                             

Quelle: maxon motor, Sachseln, OW, CH 

Efficiency 

Idle current A348.0I0 ⋅=  

Torque constant: 
A

mNm8.44kM ⋅=  

Power loss W5.16P mech,loss ⋅=  

Ind. Voltage  V4.47Uind ⋅=  

Electrical power loss: W5.16P el,loss ⋅=  

Nom. el. Power. W6.189IUP nomnomel ⋅=⋅=  

Efficiency  
el

lossel
P

PP −
=η  

 ( )
826.0

6.189
5.165.166.189
=

+−
=η  

Slide 17 / 34 

Pel 

Pmech 
Ploss 

Parameters and formulas 

Elektrical Power: lossmechel PPIUP +=⋅=  

Mechanical Power: Tn2TPmech ⋅⋅π=⋅ω=  

Elektrical Power Loss 2
0indel,loss IUP ⋅=  

Mechanical Power Loss 0MRmech ,loss IkTP ⋅⋅ω=⋅ω=  

Shaft Torque IkT M ⋅=   

Induced Voltage n
k

U
n

ind ⋅=
1  
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Mn

Pn

Pmax

Mmax

nmax

n

M ∼ n-1

Feldschwäch-
bereich

Feldschwäch-
bereich

nn

Grunddreh-
zahlbereich

Überlastbereich

Operating Limits Slide 18 / 34 

Source: maxon motor, Sachseln, OW, CH 

Pel 

Pmech 
Ploss 

Overload range 

Base speed  
range 

field weakening 
range 

field weakening 
range 

T 

T 

T 

 
   

 
 
 

 
    
     

 
 
 

Motor characteristics
Phase to phase resistance
Phase to phase inductivity
Torque constant
RPM constant
Characteristic gradient
Mechanical Time Constant
Rotor inertia

Motordata                                                             
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Motor characteristics
Phase to phase resistance
Phase to phase inductivity
Torque constant
RPM constant
Characteristic gradient
Mechanical Time Constant
Rotor inertia

Motordata                                                             

Mechanical Time Constant 
Motor start with constant current under  
consideration of induced voltage  and with 
linear load inertia: 

conservation of angular momentum: 

IkJ Mmot ⋅=ϕ  

Source: maxon motor, Sachseln, OW, CH 

Static Circuit Consideration  

R
UU

I indstart −=  with ω⋅= ωkUind  

Final differential equation 









ω−⋅⋅

⋅
⋅

=
ω

ω

ω
start

mot

M U
k
1

RJ
kk

dt
d

 

1st order time lag: 









ω−⋅⋅=

ω

ω
start

mech
U

k
1

T
1

dt
d  

with 
ω⋅
⋅

=
kk

RJ
T

M

mot
mech  

Slide 19 / 34 
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1 Drive Systems 
 
 
 
1.1 Rotational Electrical Drives 
1.2 Linear Electrical Drives 
1.3  Linear Pneumatic Drives 
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Source : linmot, Spreitenbach, ZH, CH 

Embodiments for Linear Motors(I) 

Motors with cable outlet 

Motors with connector housing 

Slide 21 / 34 
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Source: linmot, Spreitenbach, ZH, CH 

Application Examples for Linear Motors (I) Slide 22 / 34 

Handling 
Module 

Assembly 
Module 

Labelling Module 
Parallel Kinematic 
Machine 
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Source: linmot, Spreitenbach, ZH, CH 

Application Examples for Linear Motors (II) Slide 23 / 34 

Packaging Machine 

High Speed Palletizer 

Logistic 
System 

Handling 
Module 
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Position and temperature sensors 

Stator coils 

Armature with 
 neodym magnets 

Load connection 

Source: linmot, Spreitenbach, ZH, CH 

Basic Structure of a Linear Motor (Permanent Magnet Synchronous Motor) 

Characteristic stroke-force curve 
 of a linear motor 

Slide 24 / 34 

Lift [mm] 

Fo
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Quelle: linmot, Spreitenbach, ZH, CH 

Data Sheet of a Linear Motor 

Electromechanical Motor Constants 

Force Constant: 





A
NkM  

Force in lift direction: IkF M ⋅=  

Velocity Constant: 





V
sm

kv  

Induced Voltage: v
k
1U
v

ind ⋅=  

Slide 25 / 34 

Maximum Lift: 1830 mm 
Peak Force 585 N 
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Pneumatic Cylinder Slide 27 / 34 

Source: Peninsular Cylinder Company, Michigan, USA 



B.Corves, 14.06.2015, Mechanism and Drive Synthesis Lecture, TrISToMM 2015  

Pneumatic Cylinder Modelling Slide 28 / 34 

In/Outlet

In/Outlet

Leakage

Leakage

Stroke h

A21, ε21

A11, ε11

A2, ε2

A1, ε1

T3, p3

T0, p0 T4, p4

T4, p4

p2(t)

p1(t)

V20

V10

x

Apiston

In/Outlet

In/Outlet

Leakage

Leakage

Stroke h

A21, ε21

A11, ε11

A2, ε2

A1, ε1

T3, p3

T0, p0 T4, p4

T4, p4

p2(t)

p1(t)

V20

V10

x

Apiston

























−⋅

ρ
⋅

−κ
κ

⋅=
κ
−κ 1

0

1

0

0
1 p

p1
p

1
2v

v p p
p2

2

2

3

2

1

2
1

1= ⋅
−

⋅ ⋅ −
























−

κ
κ ρ

κ
κ

m A p
R T

A p
R T1 1 1 0

0
10 11 11 1

1
41

2 2
= ⋅ ⋅ ⋅

⋅
⋅ − ⋅ ⋅ ⋅

⋅
⋅ε ψ ε ψ

42
2

2212132
2

2222 TR
2pA

TR
2pAm ψ⋅

⋅
⋅⋅⋅ε−ψ⋅

⋅
⋅⋅⋅ε−=



B.Corves, 14.06.2015, Mechanism and Drive Synthesis Lecture, TrISToMM 2015  
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Pneumatic Flow Functions Slide 29 / 34 
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Differential Equation for Pressurized Chamber Slide 30 / 34 
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Differential Equation for Chambers und Mass Slide 32 / 34 
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1 Drive Systems 
 
 
 
1.1 Rotational Electrical Drives 
1.2 Linear Electrical Drives 
1.3  Linear Pneumatic Drives 
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