Actuation and Power Electronics
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A Magnetisation curve of Balancing with two variable
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A near perfect current to force converter, generating a force H
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Low or high output i AFM scanner main components
impedance of an Amplifier Geometries

d(t)
Photo detector
Laser oz

Equivalent

* Low impedance: Actuator

— When damping is necessary Impedance

* Loudspeskers Several moving-magnet planar motor topologies 2 5 conev | [ eadic
+ Feedforward control (no feedback) p sk / controller
have been manufactured and studied
« High impedance _ . . P8 }"(”
— When the current/force has to be independent of the HPPA (TU/e) EPM (Philips) COPAM (TUle) i i I
A gg = [ defection error
PWM or switched mode )\‘. |l o
. 3 3 ofoYoYoYoYo)YoYo)Yo)Yo)o X oy . on
power conversion . NN XYY o) o QN f T L
* Aswitch does not dissipate energy X i s ¢ .’.’A’.‘.‘.‘.’.’."‘. 2 N c .
+ Switches can only create squarewave signals (on/off) (¢ NN : N : o0 .’ ",’,’,‘,‘,’,’,’," S v S‘::::isl:unu;er(runelhnNo)
* Low pass filtering gives the average value (Fourier). ) 76 o g = ’ ‘ ‘ 2 * ‘ 8 2%
* L(C) filtering is non dissipating AN AN A .0 4 0 0 * 0 *- » 0.
: 1 Used both for actuation and
g:;,: sensing
* L can be actuator self inductance ’ - @‘ ’ | E‘:‘ e ‘
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Mechatronics Training Curriculum

4 )
( N ) é h ( Workshop Mechatronics System Design R
Premium On request
Advanced Advanced Passive Masterclass
Motion Feedforward & Damping for D_es‘ign \_ )
———————— Control Learning High Tech Principles - ~
Control Systems
ontro v Advanced Mechatronic System Design
Advanced 5 days 3 days 3 days On request
6 days
\ VAN VAN VAN AN J
@ Motion Dynamics and Design Basics and Experimental Metrology & Actuation and Machine Thermal
Control Modelling Principles for Design for Techniques in Calibration of Power Vision for Effects in
Standard Tuning Precision Eng. Ultra Clean Mechatronics Mechatronic Electronics Mechatronic Mechatronic
Vacuum Systems Systems Systems
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________ s ~
Mechatronics System Design — part 2
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Basic - N
Mechatronics System Design — part 1
5 days
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e T Relevant partner trainings:
St t Applied Optics, Electronics for non-
ar electrical engineers, System Architecture,
Soft skills for technology professionals,
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Mechatronics Academy

@ In the past, many trainings were developed within Philips to
train own staff, but the training center CTT stopped.

@ Mechatronics Academy B.V. has been setup to provide
continuity of the existing trainings and develop new
trainings in the field of precision mechatronics. It is founded

and run by:
@ Prof. Maarten Steinbuch
@ Prof. Jan van Eijk
@ Dr. Adrian Rankers

@ We cooperate in the High Tech Institute consortium that
provides sales, marketing and back office functions.
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Course Director(s) / Trainers

Teachers

* ir. Jeroen van Duivenbode (ASML & TU/e Fellow)
* Dr.ir. Bart Gysen (ProDrive & TU/e)

 Dr.ir. Coen Custers (TU/e)

Course Director(s)
« ir. Jeroen van Duivenbode (ASML & TU/e Fellow)
 Dr.ir Adrian Rankers (Mechatronics Academy)
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1.1 Introduction
1.2 “Working with”
Electricity and

Magnetism
1.3 Actuators Part 1

2.1 Actuators Part 2

2.2 Power Electronics

3.1 Piezo actuators

3.2 Actuators Part 3:
Application examples

3.3 Lab Tour EPE

3.4 Planar actuators

Wrap-up and closure

Program

Presenter

Jeroen van Duivenbode

Jeroen van Duivenbode

Bart Gysen

Bart Gysen

Jeroen van Duivenbode

Bart Gysen

Bart Gysen

Coen Custers

Coen Custers

Actuation and Power Electronics — overview

Learning goals. The role of electromechanical drives in mechatronic
positioning systems. Some application examples as preview

Maxwell Equations and Lorentz Force. Ohm’s and Hopkinson’s law: Electric
and magnetic modeling with “circuits” consisting of sources,
resistances/reluctances, permanent magnets and ferromagnetic parts.

A little recap of METRON 1,2. Basic terms and properties of electromotors
and actuators, efficiency, thermal dissipation, performance figures of merit.

Flux linkage vs Lorentz law. Force vs position dependency, current density,
dynamic stiffness, damping, current control. Multi DOF actuation.
Electrical properties, impact of actuator self-inductance.

Amplifier - actuator matching, jerk and snap.

Non-linear reluctance force, linearization by balancing and feedback. Flux
control, permanent magnet biasing.

Basics of power electronics. Linear and switching power conversion. Control
of switching power amplifiers. Bidirectional energy flow between mechanics
and electronics. Semiconductors: Switching diodes, power transistors and
Mosfets. Design issues with current amplifiers. Current noise.

Basics of Piezoelectricity, Electromechanical properties, Limitations and
drawbacks. Amplifier requirements. Applications

Electronic commutation. Amplifier-actuator interaction with different drive
electronics demonstrated on real hardware. Two stroke actuation. Magnetic
Bearings.

Advanced research on actuators and power electronics

6-DOF Planar actuation and commutation. Animations of magnetic flux and
force.
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Day 1 (morning)

Mechatronic Control Loop

Information

Guidance
signal »

Feedforward

| Feedback

Pre-filter

® Mechatrones AcademyB.V.

The plant is the process that
needs to be controlled.

The successive order is fixed!

© Mechatronics AcademyB.V. ct Elect i 13

The amplifier and actuator
are one integrated system

¢ The performance of the actuator is
determined by the amplifier:
— Source impedance
— Jerk limitation EO<2£L>CMaxpovver supply voltage
dr  dr
— Power
¢ And vice-versa
— Load impedance

— Frequency response =» Stability

© MechatronicsAcadeny B.V. ct Elex

Lorentz actuator

s Ferromagnetic yake
?

b~ Permanent magrets
!

N

Cod

i ' Pasition —
s F=f(BD  wix

A near perfect current to force converter, generating a force

almost without introducing any mechanical coupling

l.e.: - zero stiffness
- contactless
- no hysteresis

[E] & stz sentemyes Acaion wed Rowsr Socieis — R aed Ovranw

[E] & vectarmric catemy sy

Electricity and Magnetism

» Both are modelled with force fields
* Both models are abstract, not real!

Astaies and Tows e - Sesesl e Vapestam

Short stroke

Bottom-view mirror block with
short-stroke magnet sections

Z,R,, R -axis
short-stroke
actuators
X-axis long-stroke actuator

X, R qaxis
short-stroke
actuators

Top-view wafer stage with
short-stroke coil sections

© Mechatronkcs Academy BV
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Day 1 (afternoon)

Adding a ferromagnetic material
reduces the reluctance

Fo=nl
ferromagnetic yoke g
; Mokt A
) $ =D =F_="= A}'W’M
¥ 1 - ¥ w " é}'
() #nwindings D, s d
- B =127 o
FR
B, w
H,=—=—
Hot g

With a large p, the flux
increases

[ M — PO ——

Magnetisation curve of

ferromagnetic material (¢, > 1)

B, Saturation
B = oA, B =uH,
In vacuum or air H (N
With ferromagnetic core " | _...- B
Saturation
T e demmy At e fows Semem - Hemesd e Vapian ]

Practical approximation for calculating a magnetic
field in an airgap with a permanent magnet

{Ses for derivation page 353)

BIA:I]
£y

1ot e
4, £

]

But the flux in the air gap is smaller because
magnetic flux is lost outside the air gap by
“fringe/stray flux".

Air does not insulate magnetic fields.

T westameio Aoy Actaice and Powe Seimein — Secvisty e Mageetam

Low or high output
impedance of an Amplifier

1

T +
. Equivalent
e Low impedance: AZ;’L‘:;;: ’
— When damping is necessary Impedance

* Loudspeakers 7

* Feedforward control (nofeedback)

e High impedance

— When the current/force has to be independent of the
movement (Lorentz actuators).

— When the current/force has to be independent of the self
inductance (position control systems)

© MechatronicsAcademy B.V. Actuation andPower Electronics— Basic theory on power slectronics
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And what if the load is an
electric car that slows down?

I Electromotor acts as generator
Driving current into the
| amplifier with a positive voltage

¥, =40V and I,=-10Amp

Where goes this energy into if
the motor has no resistance?

L Actaion med Powsr Hectein — Foves acacia s actaton 3

Actuation and Power Electronics — overview

PWM or switched mode
power conversion

e A switch does not dissipate energy
* Switches can only create squarewave signals (on/off)
* Low pass filtering gives the average value (Fourier).

¢ L(C) filtering is non dissipating

+
Magritude (dB)

(000
Z = joL

+
1
C) Vi Z.= JjoC T

Phase (deg)

o
Frequency (Hz)

e | can be actuator self inductance

© Mechatronics AcademyB.V. Actuation andPower Electronics~ Basic theory on power electronics 35
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Day 2 (morning)

Lorentz’s law gives the force on a wire with current
in a magnetic field

F=g(E+vxB) with g-v=1
F=k=BIf_sina

o = the angle between the current and
the magnetic field

£w= length of the wire in the field

k =force constant

F

“Corkscrew” or
‘righthand” rule
due to

cross product

Power balance with dissi

pation

«  Applied motor voltage V:
- V=V, +R-I
» Power balance:
- By =VI=V,l + R
= koo + Py,
=T.w + Py

Elactrical anergy

= Py = Pagen + Papee

« Electrical power is converted into mechanical power ar|

Energy dissipation (heating up the motor) is next to mal
torque usually the! limiting factor and determines, toge
suitable transmission the maximum mechanical energy|
extracted from an actuator or electromaotor!

e

Limited Range!
-

* Motor data on sheets often based on Temees = 25°C I

Erianes and tmwm Satimem - SermeapeCoannraans do

[LE] = et mie semszmyns

= B

a:runder hung (1

Ariates amd Pmwm esemese Lsesl Aslata

b:over h

[IE] @ stz sentzmy 2

ok (1) L
LAC)

=
B -

T | dt

% Paiasiﬁcésliﬂi]essl F=(31u.-)_" : —

. : R, | e -

X = ==

"ll [ F
LEd!=—%f!(B-ﬂ)dS

Faraday

Movement of coil to the left = increase of flux in negative n direction

mechatronlcs
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=Current in direction of df = Lorentz force opposite to v

Asiatas amd Pows Bestmem— el Adlala

[LE] = westutm iz sentizmy nu

Lorentz

=E field in direction of di = electrons (neg charges) in opposite direction

Some data are less important for servo

1
2 pen
3 No load curment mA
4 MNominal speed pm
& MNominal torgue (max, confirucus forque)  mm.
& MNominal curment (max. continuous curnent) A
7 Stall lomqua Al
@ Starting current A
2 Max efficency %
Characteristics
10 Terminal resistance Q o3
11 Terminal inductance mH 0.0037
12 Toegue constant mhm/A 306
13 Speed constant mmiv 240 = —
14 Speed | torque gradient rpm/mNm  0.687 Must be matched with load
15 Mechanical time constant ms 420 by transmission
18 Robor inartia gom? 584
Characteristic
motor data

+ What is nominal?
— Servo applications have avarying speed and torgue demand.

5; inal <> maximum!
Damping force direction I‘ e it

The power supply and amplifier
limit the allowable Jerk and Snap

dIl dF dx ..
Pl - —3=I
dt  dr dr
ar, d'x .. S
— =X na
Current dr dr" P

souree Jerk control is needed to keep

the amplifier output voltage
below the supply voltage

Snap control is needed to keep
the voltage change below the
“slew rate” of the amplifier

Astaten e Powe Yemimem— Ll Aftaina

[E] & wesbaimic: sentemyny.
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Day 2 (afternoon)

Force of magnetic field to
ferromagnetic material

@, _ nl _nly
==
4, R4, 24,
2B ¢
=as £
iy
2 2
Froe nl Ath.l:c,m_.BgA5
£, 4 Ly

Steepness of 105 possible

‘Magnetic pressure” p LFLE 1T = 0.4 Mpa (4bar)
¥ Se= book for full derivation 24 I

Actatier and Fower Setinrm - Aduciarcs Ak

[IE] & wetatmmic catzmymi

A Lorentz actuator als
“electromagnet”

Ferromagneticliron) part

Acadermy BV,

Yluxfrom the call

Actusion of

Balancing with two variable
reluctance actuators

F=R-F

.'"I Il,\
Sl "l —r
\La) @ € e \ETE]
Inﬂ]emld—poahon.lg‘l L,=1:
Fe !' !'

With: I, =1, +_"J aﬂd. I =1 —Al weget:

Fzrﬂ.ﬂu". R

2“:"2-’&“\1(&]
LE

LA i,

£

£
AT

[IE] & setarcric scatomy =y Aciaiee et fowe Sstmrm - tdcr o AClaEa

Flux measurement is difficult but

Magnetic bearing in 5 DOF Superposition of the PM and
can be done . )
current induced magnetic flux
« Two principles are :
applicable:
\;::"I” — Insert Hall sensor in air gap
- — Use coil around gap Large d&/dx
/; High force
o _ Ly Short stroke
= Also here noise is an issue coilr |
Radial bearing air gaps -
Eﬂemm”nmmu Actustion and Pawer Electranio - Ankuctance Acustor s
lﬁﬂnmumn Acadery BY. Actusticn and Power Ehciroric - Askictance Assustors £ r (= = e AiaT ad s St A
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Day 3 (morning)

Two examples

+ Hard commutated two-phase lineair motor Three phase commutated linear
/ motor LIMMS

Il

AFM scanner main components

[IE] & secbatcrics scatomysy. Actuation and Fows Sccioec - Sumga of el molsa and aciaise] =

Requires three phase amplifier - § |

i(1)

|
\ , Cantilever Feedback
/ controller
T suply 700V supgly Sample

Three phase Commutation of three : * |t
i i i lifier set point R current it ! ; e
moving coil sections /\_,J:/ e :I . [
£ i PR 7] —y aquisition
§ ! current § 5 kW - (| - :
| h4 | L [ nosition = setpoints , ot SR CST:!:\S:\:;«(YUDEIMNO)
1 actuator
1
- i et Used both for actuation and
. ] " ] - 1
sy - - —- 2 -

enabla / reset / error front Selsing . . L
pa:el Piezoelectric principle
info
| B - :?

SRS
Force > Displacement  Voltage  Voltage  Displacen] i
lon charge displacement by deformation

[LE] & machatzonics acudemy nv: Actuaicn wnd Power Elecironia - Bampe of el motors wnd st 2
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Day 3 (afternoon)

Actuator vs motor

* Extension of stator and/or
translator structure

_~ Backsiren

* Single-phase winding vs
multi-phase winding

« Pulsating fields vs traveling - Colls
waves
prer—
Back-iron
Magnets
o [&]TEE EE W

Magnets
Back-ron

TU/e

Finite element simulations
(periodical section)

* Magnetic
flux

* Magnetic
flux density
B

TU/e

Geometries

Several moving-magnet planar motor topologies
have been manufactured and studied

HPPA (TUle)

© Mechatronics Academy B.V. Actuation and Power

EPM (Philips)

COPAM (TU/e)

Yoooooololoh
R A S S
R S A A
R S S RS
R o o e R

jics — Drive System

Technische Universiteit
I U eindhoven 50
University of Technology

Series mounted rotary and linear
actuator

Two motors mounted
in series
— Two magnet arrays with
different orientations
- Two coil sets of coils on
the stator
— Increasing stroke
requires elongation of
both magnet and coils
— Physically decoupled

Wideven BV

TU/e

Linear motor with integrated
contactless energy transfer system

Linear moving-
coil motors
requires moving
cables for power
supply

Advantages: Disadvantages:
v Low electric losses = Wear
v High power density * Dynamical distortion
* Abrasion
TU/e: o

Moving-magnet vs moving-coil

+ Magnet array is finite, increases modeling
complexity

+ Force is acting on coil volumes, torque arm is
larger for moving-magnet planar motors

e,

+ Modeling and control is more complex in
moving-magnet case, however, the levitated
structure is less complex

TU/e '

mechatronlcs
" 1 academy
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Multi-physical model

electromagnetic model commutation
force and torque current

;.- by

over-actuation

mechanical model Thermal model
shape temperature

Multi-physical framework

Integrated Tubular Topology

* Tubular motor
+ Coaxial transformer

Secondary coils (8x)

Primary coil

TU/e:

Actuation and Power Electronics — overview
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Sign-up for this training

Via the website of our partner
High Tech Institute

Actuation and Power Electronics — overview
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