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LinearRotary Actuator (LIRA)

Yy LiRAis conceived by coupling Linear and Rotary actuators (machines)
Yy Types of coupling: Mechanical, Magnetic, Double Stator

@\T | L ¥
y Parallel Mechanical y Series Mechanical y Double Stator y Magnetic Coupling
Coupling Coupling

Yy Intended use determines the type of the LiRA, i.e., the type of coupling
Yy Parallel mechanical coupling simple to realize, but low dynamics & moving cables

ETH:zUurich
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LIRA Application Examples

Yy A wide spectrum of application areas: servo, tools, industrial automation, robotedfettor, blood pumps
RIDGID ;

Bi-directional Shift finger
rotational motion

Permanent magnets
g ctuator interface plate

Armature

Bi-directional
thrust forces

Armature

core Stator  Rotary actuator

y Servo
SHIAC ~camfil @R
Y Pick & Place Robot in Yy Handling/Dosing in y ShuttlePump
Electronics/Semiconductor Pharmaceutical/Chemical
Industry Industry

ETH ziirich
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LIRA Example 1

Series mechanical couplidg three-phaseslotlessPM rotary actuator (top) & linear actuator (bottom)
Y Pick&Plac&iRA enables rotational and translational motion for small component placement

t@IEEE

Advancing Technology
for Humanit

anky Electrical wiring

TU/ e éﬁiﬁi? Hollow shaft ParamEter Value
Magnets (moving) zStTOkB is mm
(fxed) . Dstroke | +180° degrees
mechanism ZET“I‘ 5 “m
! I-‘:’::.].‘rm* B i @er:r' 3 mrad 5
Cols v G | Db em High accelerations required
@y | 7700 rad s—2 g .
; i Umax 3 m S_l
Col moing o 3smas-1 ™= Rather alow max. speed
Linear dz 0. 22
Actuator | Coils (moving) d¢‘ 0_39
X[l.‘v;;um LZQS 105 mm
Lin. . Tomax 30 mm
\b_“.;- i, min 18 mm
y LIRA or%sActuator y Specifications

Yy Component placement throughpé high dynamics/accelerations _
Yy Actuator operation”A low speeds due to limited stroke (acceleration/deceleration)

ETHziirich ICEM

International Canference on Electrical Machines
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LIRA Example 2

Series mechanical couplidg three-phase rotary actuator & threghase linear actuator
Y Pick&Plac&iRA enables rotational and translational motion for small component placement

$IEEE 8
Advoncing Tchmoiogy
o oty
o
e "
Air bearing
«—— | Back-iron = ; —
0 20 40 : : : x& :
Coils z Position (mm) .'* T : . . 1’%\“ : o
A '
— 2 5% ex ‘ TR T S
—| Magnetization 2 - ‘ R 4
s Az L .
PR R EINEINE S-S
- Z L% P L 1 *
€ . [ e : »*
Encoder heads o =" s g X TSI
' ’iu;‘ :
- - . Froé ¥x
-—‘B;\ck—lron gravity oom]:)onsatl(m‘ 0 %o k : :
; ; : e F +F +F +F
4 b e TR
0 20 40 03 : ‘ 3 | = = =Total model FE
T Position (mm) :
ila i i i i i i i
Coils 0 s 10 15w 25 30 35 40 4
Bacl-iron ¢ 0 Displacement ¢mm)
y — 1
Magnetization @ _
Z 2
oo
3
4
0 20 40

Position (mm)

y* Cogging force due to end effecés minimization by optimizing stator core geometry / placement
Yy Passive gravity compensatioly force profile optimized in 3B-EM by varying geometry
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LIRA Example 3

Yy Threephase rotary actuator &lotlesslinear actuator winding in the air gap
y  Pick&PlackiRA enables rotational and translational motion for small component placement

tooth tip

TU/e sne coil rotatign coil translation
oll®llell®
[ I ) I I
o[l elll®]
§

&
GDI

o=

=

end winding coil rotation

Yy Single set of mover permanent magnes special arrangement to interact with rotary and linear windings
Yy Large air gapA low cogging force; but low machine constant

W o3
ETH:zurich

International Canference on Electrical Machines
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LIRA Example 4

Moving coil rotary actuator & moving coil linear actuator

Y Pick&Plac&iRA enables rotational and translational motion for small component placement

axis, Z

Magnetization Circular

direction

y Limited rotary stroke due to permanent magnet field arrangeméntparts with no radial field

Halbach array 4

Moving coil
translator

Moving
coil rotor

Rotation
module

Translation
module

Connecting
component between
translator and rotor

Yy Moving coilsA moving cables limit lifetime

6/100— I%l
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LIRA Example 5

Yy Concentrated coils in linear and rotary directié¢n Yac hec ker board actuator %
Yy Checkerboard direct drive LIRA enables rotational and translational motion

Stator - Ba %

Yy LiRA with magnetic coupling, highest compactness, increased number of phases, increased control effort
Yy ldeally no end windings end winding for the linear direction is an active part of the winding for rotary direction

ETHziirich . sk
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LIRA Example 6

Yy Double stator LIRA Ysmagnetically insulated»% |inear and rotary
Yy Threephase linear and rotary machines, controlled independently

Outer Stator Inner Stator

Inner Coils
Inner PMS
Outer PMs

Iron Core
Quter Coils ZAx

y* Large force (650 N) / torque (10 Nm), dynamics limited due to the large moving mass of the mover
Yy Challenging desig®y cooling of the inner stator, mover back iron with two sets of PMs

W a3
ETHzirich “ C = Vi
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LIRA Example 7

Yy Helical winding (inner and outer)d independent thrust force and torque generation/control
Yy SlotlessLiRA proposed usage for surgery robots in medicine

Permanent

Outer bobbin
Shaft

Inner bobbin

Yy Limited force (5 N)/torque (0.1 Nm) due tslotlesswinding, helical winding complicated to realize
Yy Mover PMs the same as for the checkerboard actuator

ETHzurich



-1C I Power Electronic Systems %
el | Laboratory 1 I

Need for Improvements

Application Requirements
—_— Conventional Bearings _—
Bearingless / Selbearing

ETHziirich ICEM
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High Precision Requirement

Yy High dynamics robo#y, reaches accelerations pfu 1j and speeds ob |
Yy Horizontal workspace @ mtitl o il ; repeatability p 11 |

1@ cuspen " Thermal
a y Expansions
Airpad Parallel “=7' \
ol Kinematics
LIRA )
Mover
Tilting __>»
(3321 ’9‘2)
Module 2
. Module 1
(Ila yl)

N

Yy Thermal expansions in parallel kinemataesteriorate precisiond LiRA with radial position control
Yy Handling smaller components/died mover tilting necessary _ N N
Yy Mechanical/air bearings used in conventiohdRAscan not control radial position nor tilting

ETH:zUurich
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High Purity Requirement

Yy Applications requiring high purityA clean rooms, bioprocessing, pharmaceutical
Yy Mechanical bearingg, limited lifetime / limited purity levels / often disassembling for cleaning

y Mechanical bearings Yy Disassembling for regular
compromise high purity high-pressure washdowns

y' Air bearingsA require air supply / prohibited operation in loywressure environments
Yy High precision & high purity requirements limit usageloRAswith conventional bearings

'..n n
ETHziirich . sk
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Magnetic Bearings (MBs)

Magnetic bearing$h generate radial forces to keep the rotor/mover centered
Yy Closed loop position controlle#, sensor, microcontroller, power converter, MB windings

MB1 MB2

Gap -
Sensor

Electro-
Magnet

Micro-
Processor
Control

Rotor

Power Amplifier

Yy Characteristicsh free of contact, no contaminating wear, bearing stiffness control, low maintenance
Yy ApplicationsA vacuum and clean room system, higjreed pumps, higipurity pumps, flywheels

ETHziirich ICEM
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Standalone MBs and Séléaring/Bearingless Machines

Yy Seltbearing/BearinglessA integrate MBs into the existing machine structure
Achieve setbearing functionA superimpose the main field (torqué), poles) with thery ¢ type

no .,Y nO
tor pole = tator pole = 4
== == Rotor pole = 2, Stator pole = 4
3 N N —.8
x \. S )
\\
p& REOZO RS
=] = ::’ SN
Magnetic Bearin 2 z Magnetic Bearing - _
B : o wt = ~r;2 wt=m wt = 3r/2
no P "ﬁ‘o "ﬁ‘o "Yvi‘o
@ Z\ E] Z\ Rmor pole = 4, Stator pole = 2
N
| | R R
ﬂ s. N ﬂ N N ﬁ S P-2
= K k% & >
—_—— :§ — —e
Magnetic Bearing M L E) L M ) wt = ""I".l'2 wt=m wt = .j]’l'l,-’?
Self-Bearing Motor Self-Bearing Motor
(_\[ng[ll‘l ically Levitated Motor)

(_\[ng[ll‘l ically Levitated Motor)

y  Tilting control of the long shafth either ('O) Q ( "AO) or ("YHO) Q(C Yi0)
N ¢ type is achieved by winding scheme or current distribution in the existing main windings

y
ETH:zurich IEEEM
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LIRA with MBs
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Integrating MBs into a LIRA various combinations of standalone and sk#aring options are possible

Tilting controlof the movemecessaryA MBsalwaysat eachaxial endof a LIRA

Linear (L) + Rotary (R) + Magnetic Bearings (MBs)

J

|

Interior or Exterior Rotor

LiRA-2 #MBJrRH L HMBJrR_

LiRA-3 i\[B+LH H\[BJrL_

LiRA-4 #MB+R+L MB+R+L_

ETH:zUurich

Combined: Interior and Exterior Rotor

(Double Stator)

LiRA-5

LiRA-6

1.
(MB] R [MB]

MB4+R [ MB4R

I L |

MBIRTMB+R

S-Rotor CB- Rotor .
)"".ﬁ:}'f 7 tf'
E
3] @i @
ot
CB-Stator
N R-Stator
% or
7 L-Stator
[ MB+R | |MB+R+L|
or

Distancebetweenthe segmentsYd = linear strokeA due to different PM arrangements in the mover

MB + RA conventional;

MB + 18 interesting for further investigation!
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Linear Actuator with Integrated MBs

Topology Derivation
——— Bearing Force Generation —
Inverter Supply Requirements

Fyy Fz

I@l



P Elect ic Syst
JTE, Power Eectronicsystems 15/ 100 1

Tubular Linear Actuator Derivation

Yy Derivation of TLAA tangential force for generatingYin RA, generates driv® force in TLA
Yy TLAhasfewerstrayfield comparedo FLA duéo the closedstructure

Rotary Actuator (RA) Flat Linear Actuator (FLA) Tubular Linear Actuator (TLA)
F,

$ Fy
ISR

B-B’ cross-section view

[ Iron M Winding Bl Permanent Magnets

A-A’ cross-section view

Yy TLAhascircumferentialsymmetry A it cannot generatebearing(radial) force i.e., noMBsarepossible _
Yy FLA can generate bearing fof€e but there is an attraction force between the mover PMs and the stator iron

¢
ETH:zurich

International Canference on Electrical Machines
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Tubular Linear Actuator (TLA)

Yy Threephase ring windingshA maximum usage of copper, no end winding
y  'Qaxisalignedwith the peakflux densitywaveof the mover —is the electrical angle in a linear direction

cos(0+7a) cos(0+m) cos(0+7c)
—sin(0+ va) —sin(0+ vp) — sin(0+ v¢)

[zg m% a:%]:[fﬂd Iq]x

SNET (b) Linear
TLA Winding Direction
cos(04ya)  —sin(f+7a)
[$d Iq:| = [a:i :c% ;.:%]x_— cos(@+~p) —sin(6+~p)
Linear Direction cos(6 + yc)y —sin(f + vc)
(©
ta L g L
+ +
+
«> ud Uq wl
F F
(d) —wlL iq wl id
ii = fd cos(6 + 93(1 +7a) . N . F(T I .
i = I cos(0 + 600 +4p) iq =0 tg = 4d = Ky Kq = %

Ya =078 ==21/3, ¢ =27/3 4 — [, cos(6 + 67 + vc)

Yy TLA can generate linear drive foiCg bearing forcéO is not possible to achieve with the TLA
y ‘Y] coordinated in a linear directior, stationary coordinates representation of the thrgase winding

—\ P~ ,I
ETHziirich . sk
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cwWinding for Bearing Force Generation/Control

y  Acoil of the TLA splitinto 4 piecem, andw direction A bearing forcéO generation possible
y  Bearingforcegenerationcapability A dependnthe linear position of the movefPMpoles

By = FZ+ F? K
= arctan 2(Fy, Fy) by g
¢ = arctan 2(fy, I'y iy = e = I}, sin(yp)

"O generation possible if PM is facing the stator teefy as long as there is norero flux linkage
Yy Mover/PM linear position changes in during the operation of the actuator

W
ETHziirich . sk
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@ dWinding and ThrePhase 0 dinear Winding

Yy Bearingforce current®y @ component? in a |inear direction, must |
Y w @ current componentsgircumferentia) A determinedbythe desiredforcedirection

XA ’UXB ’H,
xA 3xB J
Usq

—wl qu wi, ?’Xd
ng ; Z \
Uyq
* ) F)’: ) (d) —wlL iyq wil iyq
1=t = =10
xd * Kb *d P <k b
'x{A,B,Cc} = xd - cos(0 + 07 + W{A,B,C})
F* -3k 3k b
e 4 e 1 = 1., -cos(@+ 6 +
Qs =15 = I ivy =0, v{A,B,C} yd ( i W{A,B,c})

‘Q and"Q calculated from the force components that should act on the mover (e.g., obtained by position controller)

y

y — s the electrical angle dedA&Armidgi#d by the mover s ax
=
B SN =gl

ETH:zUurich
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w w Tansformation

y 1 stationary component#y  dbor bearing force (rotary dir.) & rfor drive force (linear dir.)
Yy Variablewcanbevotagev, current®r flux linkage
Linear Direction
b b b cos(f0 4+ vya) —sin(0+ va) N
Txd Txq| _ |TxA TxB LxC . Linear W 0 Tnansformation
lmyd myq] I LI = 5| cost0+B) — S?n(e +78) | [Direction i
I TyA éUyB’xyC cos(0+ vo) —sin(0+ )
xydq xyABC
Linear Direction
b b b
TN Lop T 0 0 0
R e — lxxd 33’“1] ] C(_)S( +7a) C(.)S( +8) C(.)S( +10) Inverseq o Mansformation
2P P b Lyd Lyq| |—sin(0 4+ ya) —sin(0 + yp) —sin(0 4+ v¢)
vA yBI yC I
xyABC xydq
Yy 12 phasewindings but 6 phasequantities A windingsonthe sameaxisconnectedn series
Yy Linear direction”A ABC three-phase quantities;dq, stationary coordinates quantities

ETH:zUurich
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& w\llinding for Bearing and 6 &Vinding for Linear Motion

Y. Bearing force control with a threphase windingd & & @ deurrent components determine tii®ande
y e« - electricalangle forrotary direction, — electrical angle for linear direction

logAB.C} = I, cos(p + 7a) - cos(f + 0P + vap.c})

FRLES SN b - TP T G e b
b ’ xd yd ipga,z,cp = b cos(@ + ) - cos(f + 67 + viaB,c})
ok F “ —0 p = arctan 2(i3,, iyq) idaBCy = Iy cos(p + 7e) - cos(0 + 0 + A B.0})
yd 7Y TR ya ? .
b va =0, WB:*QTF/EL 7@227‘-/3

y Comparisobetweenw gandw cowindingtype A capabilityfor the bearing’O andthe drive"O forcegeneration
Y Rotary directionA & o Gthree-phase quantitiespy ¢ stationary coordinates quantities
=
l-n Vi

ETH:zurich PO SR
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® 0 w0 @nsformation

T stationary componentsy w dbor bearing force (rotary dir.) & rfor drive force (linear dir.)

v :
Yy Variablewcanbe votagev, current®r flux linkagel
Rotary Direction ( xP, zPo P cos(0 +vya) —sin(6 +ya)
[:cx | qu] 2 l cos(va)  cos(yb) cos(%)l dob e bl 2| cos(0 +ym) —sin(@ + 7s) & @ o Tragnsformation
myd/ﬂqu 3|~ sin(va) —sin(yb) —sin(ye) mEA mEB mEC 3| cos(6 +7c) —sin(d +c)
X}’dq — N CA/ cB *cCIvV - _V__ -
Yy 00 o 0 wWingling, three-phaserotary andthree-phase linearA 9 phasequantities
Yy Bearing current component & Drive current compongntw € & @& QM@ i wirdige
R v

ETH:zUurich
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14 w

@ w 0 dMonding Inverter Supply

Yy Bearing force and driving force functiofy realized with thew £ & & "@¥ Q@7 &1 wirkdifgQ
y*  Combineavinding A eachphasewindingcontainsthe bearingandthe drivecurrentcomponents

y  Combined winding, 12 halfridges y Separated winding, 9 halbridges

1y AR

—?

{1 4|4] 4 I s

T
| T

Y

-b
xB
xC

{/
?:b

d
-
d
-
ii—z
d

d -
d

d -

)
/3

y* Combined windin@d eachwinding needsa dedicatedhalf-bridge;star points with the linear three-phasesystem
Yy Separated windingy anti-series connection of the bearing windings, no induced back EMF
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® 0 w O \Wihding Inverter Supply

y
y

dn
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Bearing force and driving force functioy realized with thet ¢ & @ "Q@& Q@ O wikdifg
Combinedvinding A eachphasewindingcontainsthe bearingandthe drivecurrentcomponents

y Separated winding, 12 halfridges

g AARIN]

y" Combined winding, 9 halfridges

?
{
O
22
+
=0

)

i

{|d

A4l A oo

m m Qm an)] oA QO O QO -
'Q@@ Q@@ Q;D @Cﬁ FOJ:O e @@ "os":o e Sl ; S {
+1 + + \ 4 {V A 4 Y Y 4
o/ oL oAl T
Ty Ty

Sk

y  Combined windin@d eachwinding needsa dedicatedhalf-bridge;star points with the linear three-phasesystem
y*  Comparison in terms of the bearing and the drive force generation capabjlitgombined versus separated windings
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Comparison of the Winding Types

Yy Magnetically Levitated Tubular Actuator (MALTA)
Yy 2modulesnecessaryo controlthe tilting of the mover

2

Combined Winding

23/ 100— I@l

Separated Winding

bearing & drive

3 X 3-phase

.

bearing & drive  |bearing: 3 X 3-phasebearing: 2 x 3-phase
2 X 3-phase drive: 3-phase drive: 3-phase

0 i

O Gl Y MALTA

i cl i
Winding Shown Force/Fgtra Number of
Realization Drive | Bearing | Half-bridges
Combined e
3 X 3-phase Fig. 4.10(a) 0.78 1.12 18 bzhﬁlmgtrjllnfgr
2 X 3-phase Fig. 4.10(b) 0.76 1.1 24 comparison
Separated
3 x 3-phase +3-phase | Fig. 4.10(c) 0.57 0.81 24
2 x 3-phase +3-phase | Fig. 4.10(d) 0.29 0.46 18

Yy Comparisomwith respectto the driving forceof the conventionallLAp u/ of copperosses fixed volume
Yy ©wwowindingoro ophase MALTA the largest forces; the lowest number of the inverter hatidges

ETHzurich

CE

International Canference on Electrical Machines
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MALTA Prototype Design

Magnetic Design
18-phase Inverter Supply
Verification Measurements

Module 2
Module 1 Axial Force Sensor
\ £

/

&)

Auxiliary M 'gti‘i/ ! Axial Positioning
Mechanical N ) E Stage
- \\\'J‘-\ Z ! i // ag
Bearing ] -
N

P |," ‘ o

//' d \

/

< S

Radial
Force Sensor

I@l

ional Conference on Electrical Machines
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Stator Design

Yy Choice of the tooth widthf and the tooth depth A considering drive, bearing, pull forces
Yy Scenario for thgull forcecalculation A the moversitting onthe touch-downbearing( start-up of the MBs)

Drive Foree Bearing Force  Radial Pull Force
50
— 40 7t = 3mm
Z
touch-down .1 mm g% T ol |
. 3
bearing = 20}
10E
0 L 1 L 1 1 1 L
5 6 7 8 9 10 11 12
- - ry (mm)
45
40
re = 11 mm
% 35 F o
mover N g 30 l pdl
—
£ 25
20F
15 !
2 3 4 5 6 7

71 (mm)

Yy Thedrive andthe bearingforces A obtainedfor the maximallypossiblecontinuouscopperiosses
y  Geometry parametefis andi A chosen such that the pull force is lower than the bearing force

W
ETHziirich . sk
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Mover Design

Two mover types considerédd surfacemounted PMs (SPM) and interior PMs (IPM)
Yy Firststep A parameterangecalculatedusingscalinglaws

40 r r . r 160
o ™
A i / ‘r
EPM IPM . ° 150 é
Bpm iron B & [ chosen design ] —
North PM prm g 140 2
pole 2 20 E
D
4 130 :
= o
< South A 10 120 <
b \ South , PM pole =
back iron PM pole D[_)x/p “North 0 | | . . 110 =
PM pole 0 10 20 30 40 50
Bearing Force (N)
n ) Yy PM geometry range from the scaling law: Yy Final geometry parameters obtained by-BBEM:
m + 27, . . P o
E—Zg =10.5.0.7]  Dpm = (D = 2ni) - [0.5,0.7] = 2ryg t ol t pii 0O c¢xi i  ofl
= 2l

= [24 mm, 35.2 mm|

y  CompromizéetweenperformancearametersA drive/ bearingforcesand axial (linear)acceleration
Yy The chosen IPM desigh axially magnetized PMs and iron rings allow for simplified manufacturing

ETHziirich ICEM

International Canference on Electrical Machines
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Eddy Current Losses

Yy Short stroke linear actuato”, average/max. speed of the mover low to induce eddy current losses
Yy Solid ironusedfor the coredesign A final design check fothe eddycurrentlosses

B [teslal
8,2270E-001
7.6794E-001
7.1389E-091
6.5625E-081

g T 5.8341E-001

. [ 2 e $ 5.4857E-001

m 4.9372E-001

'_I' 2 N 200 — — 4. 3888E-001

" [ g2 A 2 w0 3. 8494E-001

= [ ’7 3.2919E-001

= 7] | 7435E-

Eaf Z -

1 = = 1.6488E-081

=, [ T l 0= 1.6982E-001

z O +~ 5.4978E-002

= | = 1. 3538E-BOY
= E =
wn - -1 l =
-1k =
[ 3 e
21 10.5 &
—_ S
= -2F =
[ L . L L 0 HE
0 20 40 60 80 100 =

Time (ms)

Maximum expected operation conditions:
¢ 1 &eceleration
o1 | stroke

Yy Average eddy current losses during the operation 7 A 1& Pof the allowedcoppelosses
Yy Long stroke actuators that achieve higher speei§lsshould use low loss core, e.g., soft magnetic composite (SMC)

ETHziirich ICEM

International Canference on Electrical Machines
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MALTA Hardware Prototype

Mo v er Y%s

carbon
rod -

stacks of 4 axially
magnetized
ring PMs

205 turns

0.6 electrical fill factor
0.5 mm wire diameter

ETHzurich

/ c o n 4 unechanicat prasettienes\eddy current position sensing
Yy Testbenchwith positioningstagesandforcesensors”A machineconstantmeasurements

0.3 mm aluminum sleeve

NTC Thermal

Sensor Wires Module
«
Winding P s
Connections /4

Touch-Down /

Bearing =

Module 1

Auxiliary

Mechanical
Linear
Bearing

Radial
Force Sensor

Measurements:

Module 2

Y
-l.

¢ Thermal

pd pH¥7
otnt EI

Radial Positioning

27/ 100— I@l

Axial Force Sensor

Axial Positioning
Stage

Stage
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MALTA Inverter Supply

Yy Specifications
¢ Tphases () o phase)
DC link voltaget b
DC link capacitance: ¢ d &(buffer braking energy)
Power Semiy 16fp tfp U m
¢ position sensor interfaces
Control Board: ZYNQ/B20 (156 digital 10s)

Current measurement:

LMG5200 AFE ADC

LT1999 LTC2313
—«ci)ﬁw A
C .
G J >—dat <
Rhllllm'
1

10me2 R Concentrated

winding

° 2mH /b ‘ /
ETH:z(rich IEEEI — "

45V I o
220

p—
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MALTA Hardware Prototype Measurements
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Yy Measurements: flux linkage, force constants, thermal resistaAceprototype characterization/model verification

1/3 Module

Yy FluxlinkagemeasurementhA measuranducedback EMF andtegrateto getthe flux linkage

Flux Linkage

Middle
Coil Simulation Measurement
(mWh) (mWh)
Outer Coils: 8.3 8.35
Middle Coil: 9.0 8.85
¢ Magnetic
W i 7A
0 X&. N
0 vgo. N

Temperature (°C)

(=}
@]

ot
o

.
o

oo
o

bo
)

56.5°C
g
s S - L i -
.a-
ﬂ/
- g ~ 31K .
¢ ®7
25.5°C Y
0 20 40 60 80 100 120

¢ Thermal
Y pd ptr7
t om EI

Time (min)

Yy Force constant measuremeAt apply known current and read the force sensor
Y Y_ measurement\Wdghot spot to ambient) A apply known losses and read the btiiitNTC temp. sensors

ETH:zUurich
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Bearing Force Constant, Decoupling of Bearing and Drive Forces

Yy Dependence on the rotary angfe measured and simulated with 3BEM (saved in a lookup table for contraplem)

[ [}
n =

Bearing Force (N)
=
=)

on

U [ a 1 a 1 a 1 M [ | 1 a 1 [ | M M 1 1 a 1 a [ | a 1 1
-180 -120 -60 0 60 120 180
@ (°)

O L. I, measured rangay®. N 7 @& @ 7

ETH:zUurich

Measurement FEM Simulation
Bearing Force *
Drive Foree A -——-

*

A—A A AN A LA A DAL

L

0 05

1 1.5

Iy, (A)

2 2.5 3

Decoupling of the bearing and the drive force generation!

International Canferen trical Machines
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Attraction/Pull Constant (Pull Force)

Yy Extremely important parameter for the control system design and implementation
y 0 (alsou ) determines poles of the mechanical dynamic model of the mover

#* Measurement — FEM Simulation
5 Touchdown
Z bearing
= \\'\
=
5 0f : -
=9
E
c§ 5 . . . | . mover N
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 '
Radial Mover Displacement from Center (mm)
O WaA i

Yy 0 obtained by displacing the mover in radial direction and measuring pull force, with no currents in the winding

¢
ETH:zurich

International Canference on Electrical Machines
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Position Sensor

Operating Principle
Driving Electronics
Geometry Optimization
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ional Conference on Electrical Machines



P Electronic Syst
IVET) Dovoratony e yetems 32/ 1oo_|@|

Position Sensing Linear & Radial

Yy Sensing locations at the axial ends of the actuayr SP1 and SP2
Yy Linearposition A Halleffect-basedsensorsdisplaced’ 1¢ electrical

SP1 Module 1 Module 2 _SP2
< h2 - »- - E -[:p »- - > -< h.a?— -
:y'" u “‘.:’/ H _“‘..'F" u 1‘! J _“‘..'f/ H ‘P ‘ .'/ _\‘t:’/ ‘ Module 2 \
LY P N L W AW L Y i Module 1 >, / /ConneCtOT
“ hY oaf fed ines T Tfhr T PCB Integrated = , f
‘PM field lines 2ls A Radial and Axial ¢ 77 o™

Position Sensor ,‘ “ 7. ; 4P

Mover
— AOANCchQ \
Axial/Linear Position

.0 .
a —(—= ¢

Yy RadialpositionsensorA eddycurrentbased conductivemoversurfaceis a sensingtarget
Yy Advanced eddgurrent sensing techniqueg, later in the tutorial, blood pump part

ETHziirich



Power Electronic Syst P 3
IVET) Dovoratony e yetems 33/ 100__ Nk

EddyCurrent Based Position Sensor

Yy Injection coil carries highHrequency currenth induce voltage in pickip coils
Yy Upper limit for the oscillation frequency, resonant frequency of the sensor (layout/size dependent)

N 00Kl 9
T o- (DO pmim!

Yy Anti-seriesconnectiorof pick-up coilsof the sameaxis A (0 P 0 ) and(0 P O
Yy At center positionnd. voltage of antiseries connection is zero; it is nexero if there is mover displacement

ETHziirich ICEM
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