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Linear-Rotary Actuator (LiRA)

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

w\?$z

m Parallel Mechanical m Series Mechanical m Double Stator m Magnetic Coupling
Coupling Coupling

c e

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

m A wide spectrum of application areas: servo, tools, industrial automation, robot end-effector, blood pumps

Bi-ditectional  gpif finger RIDGID
rotational motion
Permanaft magnets ctuator interface plate
Armature
Bi-directional
thrust forces
Armature
core Stator  Rotary actuator ey f.,_
cores casing ool N
m Servo m Industry Assembly Lines
Mo\d: Coll Actuators §camfil @Hﬁﬂﬂ'ﬁﬁi‘?@v -
m Pick & Place Robot in m Handling/Dosing in m ShuttlePump
Electronics/Semiconductor Pharmaceutical/Chemical
Industry Industry
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LiIRA Example 1

m Series mechanical coupling = three-phase slotless PM rotary actuator (top) & linear actuator
(bottom)
m Pick&Place LiRA enables rotational and translational motion for small component placement

‘@IEEE
or H mani riy Electrical wiring
EINDHOVEN P r m r
TU/e oooooooooo Hollow shaft ara ete Value
Magnets (moving) zstroke is mm
o~ {fored) Coil mounting ¢Str0k€ ilgoo degrees
. mechanism ZCTT 5 ”_m
: E:’:Jnlw‘rmi Back-iron (fixed) ¢6T’P 3 mrad .
A Coils (moving) az 150 m S_ H' H H
: igh accelerations required
o | 7700 rad s—2 & a
1
, Umaz 3ms
Coll mowniing Rather a low max. speed
mechanism wmax 135 I'ad S_l - p
Linear dz 0'22
Actuator | Coils (moving) d¢ 0.39
X[l.‘vgum Lz¢ 105 mm
L : To,maz 30 mm
‘-I)_“., Ti,min 18 mm
m LiRA or z¢h-Actuator m Specifications

m Component placement throughput = high dynamics/accelerations
m Actuator operation = low speeds due to limited stroke (acceleration/deceleration)
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LiRA Example 2

m Series mechanical coupling = three-phase rotary actuator & three-phase linear actuator
m Pick&Place LiRA enables rotational and translational motion for small component placement

EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Air bearing

«—— | Back-iron = . : 25 . . .
0 20 40 : : : : R
Coils z Position (mmy) 2 " s : : M ,}
X FS!I : R
- - 15 P et * * ;& : 1
Magnetization z I S RS
: : ]
Z LI ! %% *
k] ki iy i # * e >
[ Encoder heads =0 L X - 1
i ’5.;& #
" - . F{mt — 0 ’( 3 3 ,\?ﬁ‘ ) |
-—‘Ba(”k—lron gravity {‘E)Tll]ﬁ)(."{lfﬁ‘éltlun‘ % t ) :
- : : X CF 4F 4
= 4 - - o5k : L :)&{ 1 Firb iR, |
Y 0 20 40 B : : = = =Total model FE
T Position (mm)
— ila i i i i i i i i
7 (’Ulk’ 9 10 5 10 15 20 25 30 35 40 45
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Z
o
3
4 :
0 20 40
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m Cogging force due to end effects = minimization by optimizing stator core geometry / placement
m Passive gravity compensation = force profile optimized in 3D-FEM by varying geometry

° innsbruck Drive and
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LiRA Example 3

m Three-phase rotary actuator & slotless linear actuator winding in the air gap
m Pick&Place LiRA enables rotational and translational motion for small component placement
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end winding coil rotation

m Single set of mover permanent magnets - special arrangement to interact with rotary and linear windings
m Largeairgap = low cogging force; but low machine constant
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LiRA Example 4

m  Moving coil rotary actuator & moving coil linear actuator
m Pick&Place LiRA enables rotational and translational motion for small component placement

il s = E Moving coil
translator

Moving
coil rotor

Rotation
module

Translation
module

axis, Z
Connecting

component between
translator and rotor

Circular
Halbach array »

Magnetization
direction

m Limited rotary stroke due to permanent magnet field arrangement = parts with no radial field
m Moving coils = moving cables limit lifetime

https://www.youtube.com/watch?v=ApWIlagkbrEQ
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LiIRA Example 5

m Concentrated coils in linear and rotary direction = ‘checkerboard actuator’
m Checkerboard direct drive LiRA enables rotational and translational motion

Stator

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

« 1= innsbruckDrive and
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LiRA Example 6

m Double stator LIRA - ‘magnetically insulated’ linear and rotary parts
m Three-phase linear and rotary machines, controlled independently

Inner Coils
Inner PMS
Outer PMs

Iron Core
Quter Coils Z‘i‘x

m Large force (650 N) / torque (10 Nm), dynamics limited due to the large moving mass of the mover
m Challenging design = cooling of the inner stator, mover back iron with two sets of PMs

1= innsbruck Drive and
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LiRA Example 7

m Helical winding (inner and outer) = independent thrust force and torque generation/control
m Slotless LiRA proposed usage for surgery robots in medicine

Permanent

Outer bobbin

Inner bobbin  Shaft

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

« 1= innsbruckDrive and
I =L 1 Energy Systems Laboratory
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Need for Improvements

Application Requirements
_ Conventional Bearings
Bearingless / Self-bearing

« 1= innsbruckDrive and
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High Precision Requirement
m High dynamics robot > reaches accelerations of 150 ™/ , and speeds of 5 ™/s
m Horizontal workspace of 300 mm X 300 mm; repeatabifity <10 pm
euspen Thermal
. Expansions -
Parallel “‘*Y' \
~ Kinematics
LiRA )
Absolute encoder setup | N\ Mover
Tilting __>»
(72, y2)
Module 2
Module 1
N (Ila yl)
m Thermal expansions in parallel kinematics deteriorate precision - LiRA with radial position control
m Handling smaller components/dies =& mover tilting necessary
m Mechanical/air bearings used in conventional LiRAs can not control radial position nor tilting
| innsbruck Drive and

I—DL 1 Energy Systems Laboratory
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High Purity Requirement

m Applications requiring high purity = clean rooms, bioprocessing, pharmaceutical
m  Mechanical bearings - limited lifetime / limited purity levels / often disassembling for cleaning

m Mechanical bearings m Disassembling for regular
compromise high purity high-pressure washdowns

m Air bearings - require air supply / prohibited operation in low-pressure environments
m High precision & high purity requirements limit usage of LiRAs with conventional bearings

« 1= innsbruckDrive and
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Magnetic Bearings (MBs)

m Magnetic bearings = generate radial forces to keep the rotor/mover centered
m Closed loop position controller = sensor, microcontroller, power converter, MB windings

MB1 MB2

Gap -_—
Sensor

Electro-
Magnet

Micro-
Processor
Control

Rotor

Power Amplifier

m Characteristics 2 free of contact, no contaminating wear, bearing stiffness control, low maintenance
m Applications =2 vacuum and clean room system, high-speed pumps, high-purity pumps, flywheels

« 1= innsbruckDrive and
I—DL 1 Energy Systems Laboratory



M universitat
M innsbruck 17/ 76

Standalone MBs and Self-bearing/Bearingless Machines

m Self-bearing/Bearingless = integrate MBs into the existing machine structure
m Achieve self-bearing function = superimpose the main field (torque, p poles) with the p + 2 type

Fy =T K
P — . . ator N
] = Rﬂtm pole = 2, Stator pole = 4

N N

\SI /N'ls (s
= == / ﬁ/ NG,

2

-\.

=T S"\-\.*__ -
Magnetic Bearing Z\ Magnetic Bearing N
Motor wt=m/f 2 wi = wt = 3]’1‘[2

L =hh h ) =)0

@ Rotor pole = 4, Stator pole = 2

' ' (i%\g sf‘N T_\ S_ IN
= \b \{_y

ﬁ\ e ﬂ -2

N
Magnetic Bearing ‘Z ‘Z \‘ZJ wt=10 wt = ';r‘,r"‘z L,,'f =T wt = ,jr;)
Self-Bearing Motor Self-Bearing Motor
(Magnetically Levitated Motor) (Magnetically Levitated Motor)

m Tilting control of the long shaft - either (Fy,) & (T, Fy) or (T, Fy,) & (T, Fy,)
m p * 2 type is achieved by winding scheme or current distribution in the existing main windings

« 1= innsbruckDrive and
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The Challenge: LiRA with MBs
m Integrating MBs into a LIRA = various combinations of standalone and self-bearing options are possible
m Tilting control of the mover necessary = MBs always at each axial end of a LiRA
Linear (L) + Rotary (R) + Magnetic Bearings (MBs)
| |
Interior or Exterior Rotor Combined: Interior and Exterior Rotor
(Double Stator)
Az Az .
) 2
LiRA-1 #MBH L H R MB_ 2
A~ “A_g LiRA-5 %
LiRA-2 #MBJrRH L HMBJrR_ MBIl R [MB| 5 R-Stator
S or
- . g,c:: L-Stator
LiRA-3 i\[B+LH H\[B+L_ _ LD RTMBITR] :
LiRA-6 | T | [MBIR | |MB+R+L|
MB+R [ MBtR or

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

m Distance between the segments Az = linear stroke = due to different PM arrangements in the mover
m MB+R - conventional; MB+L - interesting for further investigation!

« 1= innsbruckDrive and
I—DL 1 Energy Systems Laboratory



B universitat
M innsbruck

« 1= innsbruckDrive and
I—DL 1 Energy Systems Laboratory

Linear Actuator with Integrated MBs

Topology Derivation
——— Bearing Force Generation
Inverter Supply Requirements
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Tubular Linear Actuator Derivation

m Derivation of TLA - tangential force for generating T in RA, generates drive F 4 force in TLA
m TLA has fewer stray field compared to FLA due to the closed structure

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

[y

B-B’ cross-section view

$ Fy
@ TEeeeo

[ Iron M Winding Bl Permanent Magnets

A-A’ cross-section view

m TLA has circumferential symmetry - it can not generate bearing (radial) force, i.e., no MBs are possible
m FLA can generate bearing force F},, but there is an attraction force between the mover PMs and the stator iron

« 1= innsbruckDrive and
I—DL 1 Energy Systems Laboratory
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Tubular Linear Actuator (TLA)

m Three-phase ring windings = maximum usage of copper, no end winding
m d axis aligned with the peak flux density wave of the mover; 0 is the electrical angle in a linear direction

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

[zg m% :L‘C] [fEd Iq]

ST (b) Linear
TLA W1nd1ng [)],t'(‘é‘l’ 101
cos(04ya)  —sin(f+~a)
[#a #a]=[a} af5 2] |cos(0+m) —sin(0+p)
Linear Direction cos(f+yc) y—sin(6 +c)

ta L g L
+ +
+ ~
Ud Uq W\
& x
—wliq wlig
A F5 3T -+
: d
g = 0 i = d = Kd = —V
a Kd 2Tp

’YAZO, B = —27‘(’/3, YC :271'/3

m TLA can generate linear drive force F 4; bearing force Fy, is not possible to achieve with the TLA
m dgq coordinated in a linear direction $ stationary coordinates representation of the three-phase winding

« 1= innsbruckDrive and
I—DL 1 Energy Systems Laboratory
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xy Winding for Bearing Force Generation/Control

m A coil of the TLA split into 4 pieces, x — and y —direction > bearing force F}, generation possible
m Bearing force generation capability = depends on the linear position of the mover/PM poles

_ /12 2 b
Iy = FZ 4 I3 F . m d — current component in a linear direction needed!
¢ = arctan 2(Fy, Fy) z; = ?}; = Iy sin(yp)

m F}, generation possible if PM is facing the stator teeth - as long as there is non-zero flux linkage
m Mover/PM linear position changes in during the operation of the actuator

« 1= innsbruckDrive and
I—DL 1 Energy Systems Laboratory
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xy Winding and Three-Phase ABC Linear Winding
m Bearing force currents 2 ‘d — component’ in a linear direction, must not generate drive (linear) force
m Xy - current components (circumferential) > determined by the desired force direction
Up Upp Uyc Ixd Ixq
DAY iy G + +
<« lUxd Uxq
F T
O —wlixq wliyq
- iya ivq
i?A + +
<> Uyd Uyq
° + E -
I (d) —wlL iyq wil iyq
ko gk X sk
lxd = Ix = Kb lxq = 0 o = b
Ie(A.B.CY = lxa - c0s(0 + 07 +v(aB.C})
F* * — . b
ja=iy =7 §a=0, iy{a.cy = fya - cos(0 + 0 +ancy)
m i and i;d calculated from the force components that should act on the mover (e.g., obtained by position controller)
m O is the electrical angle determined by the mover’s axial positionz > 0 = - z/tp
| innsbruck Drive and

[y 5 Energy Systems Laboratory
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xydq Transformation

m 4 stationary components - xy for bearing force (rotary dir.) & dq for drive force (linear dir.)
m \Variable x can be votage v, current i or flux linkage ¥

Linear Direction

b b _b cos(f+va) —sin(0+ va)

Lxd Tx LxA TxB Tx : Linear i
[t ] — XA 2B 2! 2 s 4 ym) —sin(@+m) | | 13, *yda Transtormation
I TyA éUyB’xyC cos(0+ vg) —sin(0+ )
xydq xyABC
Linear Direction
b b b
TN Top T
’SA EB ’};C — led qul ] [ C(_)S(Q +7a) C(.)S(O +8) C(.)S(e +70) Inverse xydq Transformation
LN xyBlmyC 5Uydl-%‘yq —sin(@ + va) —sin(0 + yg) — sin(0 + y¢)
xyABC xydq

m 12 phase windings, but 6 phase quantities = windings on the same axis connected in series
m Lineardirection & ABC - three-phase quantities; dq — stationary coordinates quantities

« 1= innsbruckDrive and
I = Energy Systems Laboratory
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abc Winding for Bearing and ABC Winding for Linear Motion

m Bearing force control with a three-phase winding abc = xy current components determine the T, and ¢
m @ - electrical angle for rotary direction; 0 — electrical angle for linear direction

=0 = £ i* =0 . ifra p.oy = Incos(@ +7a) - cos(0 + 07 + vaB.cy)
xd K xXq Ib — \/(Z* )2 + (’L* )2 N R N
b xd yd ipga,B,cy = Ibcos(e + ) - cos(f + 07 + v(aB.c})
X Fy . 0 ¢ = arctan 2(iyy, iyq) iE{A,B,c} = I, cos(p +e) - cos(0 + 67 +v(aB.c})
=0 = = TRP—
yd K yd ? .
b Ya =0, v = —27/3, yc = 27/3

m Comparison between xy and abc winding type > capability for the bearing F}, and the drive F4 force generation
m Rotary direction - abc - three-phase quantities; xy — stationary coordinates quantities

1= innsbruck Drive and
I—DL 1 Energy Systems Laboratory


Presenter
Presentation Notes
Clarke


26/ 76

B universitat
M innsbruck

abcdq Transformation

4 stationary components > xy for bearing force (rotary dir.) & dq for drive force (linear dir.)

n
m Variable x can be votage v, current i or flux linkage ¥
Rotary Direction ( ZhA TP xbc\ cos(f +ya) —sin(f + va)
Td Tx 2[ cos(va) cos(yp) cos(e)| | BT B° Bl : . abcdq Transformation
=] . ‘ o N g o s cos(6 +vB) —sin(0@ +B)
;cyd/v"«‘yq 3|—sin(ya) — sin(yp) — sin(7e) 4b gb b 3| cos(0 +v¢) —sin(@ + vc)
. —_ J— cA FcB *ecCIV - _ .
xda Y abC/ABC Y
| ABC -» dq

| abc » xy

m abcABC winding, three-phase rotary and three-phase linear = 9 phase quantities
m Bearing current component & Drive current component = combined or separated windings

« 1= innsbruckDrive and
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xyABC Winding Inverter Supply

m Bearing force and driving force function - realized with the combined or separated windings
m Combined winding = each phase winding contains the bearing and the drive current components

m Combined winding, 12 half-bridges m Separated winding, 9 half-bridges

SUNNT SRR SR SRR S S S P T har o v’

d
QOK ﬂi Fopi J:zc; 43<>< @”Q J:zox ﬂi@oi @2 T S —-O@O
‘e EES S MEE S MRS e~ < ' [T HEF=S P
+ + |4+ + I | 1 I 1 | ‘} {V Y
-0 va|zA(wO| o/l vl w<|vA|TO m B °
Sy Sy Sy Sy Sy Sy Sy Tegis sy LU

m Combined winding = each winding needs a dedicated half-bridge; star points with the linear three-phase system
m Separated winding = anti-series connection of the bearing windings, no induced back EMF

= Drive and
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abcABC Winding Inverter Supply

m Bearing force and driving force function - realized with the combined or separated windings
m Combined winding = each phase winding contains the bearing and the drive current components

m Combined winding, 9 half-bridges m Separated winding, 12 half-bridges

6

bbbt
/14]4]1 {14

M
fa)

e

20 @% ,o,% % o
:-3 @{ =S
y Y

e

m Combined winding = each winding needs a dedicated half-bridge; star points with the linear three-phase system
m Comparison in terms of the bearing and the drive force generation capability > combined versus separated windings

- Drive and
2 C 5 Energy Systems Laboratory
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Comparison of the Winding Types
m  Magnetically Levitated Tubular Actuator (MALTA)
m 2 modules necessary to control the tilting of the mover
ﬁ F—: Combined Winding Separated Winding
module 1 bl b2 module 2 bearing & drive bearing & drive [bearing: 3 x 3-phasebearing: 2 x 3-phase
_ \ / 3 X 3-phase 2 X 3-phase drive: 3-phase drive: 3-phase
ﬁ Y
D Fy ,
[ S— —
L = 60 mm
D = 60 mm = MALTA
Tag = 2 mm
Winding Shown Force/Fytra Number of
Realization Drive | Bearing | Half-bridges
Combined -
3 % 3-phase Fig. 410(2) || 078 | 112 18 bt incing:
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

m Comparison with respect to the driving force of the conventional TLA; 15 W of copper losses; fixed volume
m abcABC winding or 3 X 3 phase MALTA - the largest forces; the lowest number of the inverter half-bridges

« 1= innsbruckDrive and
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MALTA Prototype Design

Magnetic Design
18-phase Inverter Supply
Verification Measurements

Module 2

Module 1 >“> Axial Force Sensor

Auxiliary Axial Positioning
Mechanical Stage
Linear e

Bearing

" Radial Positioning
Stage
Radlal
Force Sensor

« 1= innsbruckDrive and
I — = 1 Energy Systems Laboratory



B universitat
M innsbruck

Stator Design

m Choice of the tooth width 7, and the tooth depth rr;, - considering drive, bearing, pull forces
m Scenario for the pull force calculation = the mover sitting on the touch-down bearing (start-up of the MBs)

touch-down
bearing

40 T = 3mm
3
o 30F
[}
5
= 20

10F

0 1 1 1 1
5 6 7 8 9 10 11 12
¢ (mm)
45
40 ¢
ry = 11mm

g35 3
o 30F
2
< 25

20 F

15 ] ) ; H

2 3 4 5 6 7

Drive Force

Bearing Force

Radial Pull Force

Ty (mm)

31/76 _

7, = 3 mm

r =11 mm

m The drive and the bearing forces = obtained for the maximally possible continuous copper losses
m Geometry parameters T, and r; = chosen such that the pull force is lower than the bearing force

« 1= innsbruckDrive and
I =L 1 Energy Systems Laboratory
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Mover Design

m Two mover types considered = surface-mounted PMs (SPM) and interior PMs (IPM)
m Firststep = parameter range calculated using scaling laws

40 . ; : : 160
[ [\
SPM IPM ° 150 2
B = z 30 chosen design 1 £
N pm Bpm \q—: g o
orth PM
pole © 140 S
G & 20 g
'g 130 ch
South A 10} 120 <cﬂ)
PM pole =
back iron PM pOle me North 0 L L L . 110 :é
PM pole 0 10 20 30 40 50
Bearing Force (N)
b ) m PM geometry range from the scaling law: m Final geometry parameters obtained by 3D-FEM:
1 + ra
B—Zg =[0.5,0.7] Dpm = (D —2ry) - [0.5,0.7] — 2rag Tpp =30 mm  7,, =10 mm Dy, =27 mm 71y, =3 mm
— &T'bi

= [24 mm, 35.2 mm|

m Compromize between performance parameters = drive / bearing forces and axial (linear) acceleration
m The chosen IPM design - axially magnetized PMs and iron rings allow for simplified manufacturing

« 1= innsbruckDrive and
I—DL 1 Energy Systems Laboratory
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Eddy Current Losses

m Short stroke linear actuator - average/max. speed of the mover low to induce eddy current losses
m Solid iron used for the core design = final design check for the eddy current losses

— T 25 =
To2F 200 =
Ef z
= | {15 3
S of E
oo 11 2
:,: -1 5 ,E
500 105
2 -2 5 ”5
: . : : 0 5
0 20 40 60 80 100
Time (ms)

Maximum expected operation conditions:

20g acceleration

30 mm stroke .

m Average eddy current losses during the operation = 0.7 W 2> 4.7% of the allowed copper losses
m Long stroke actuators that achieve higher speeds = should use low loss core, e.g., soft magnetic composite (SMC)

« 1= innsbruckDrive and
I—DL 1 Energy Systems Laboratory






B universitat
M innsbruck

MALTA Hardware Prototype

m Mover’s conductive sleeve = mechanical protection & eddy current position sensing
m Test bench with positioning stages and force sensors = machine constant measurements

carbon Module 2
Module 1

Axial Force Sensor

stacks of 4 axially & )

magnetized Auxiliary Mover

i
Mechanical
Linear
Bearing ;

Axial Positioning
Stage

NTC Thermal Radidl Position
Sensor Wires \Module e Stzzlelomng
o N Radial
Winding N Force Sensor
Connections
205 turns —
0.6 electrical fill factor
0.5 mm wire diameter : , Measurements: V¥ Thermal V¥ Magnetic
TOECh'rglown - Ry, =1.51K/W @, =85mWb
caring ~ Tin = 30 min Kp=7.6N/A
Kg =5.9N/A

« 1= innsbruckDrive and
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MALTA Inverter Supply

m Specifications
24 phases (8 X 3 phase)
DC link voltage: 45V
DC link capacitance: 4 X 22 mF (buffer braking energy)
Power Semi.: 80V,10 A,15 mQ
2 X position sensor interfaces
Control Board: ZYNQ, Z-7020 (156 digital 10s)

Current measurement:

LMG5200 AFE ADC
Q LT1999 LTC2313
F<conv .4
F<clk
l>—dat =

+
T

Rshunt
1

Vv I
10 mQ2 .
220 | |R Congen?rated
OJ winding
2mH L w

« 1= innsbruckDrive and
I = Energy Systems Laboratory
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MALTA Hardware Prototype Measurements

m Measurements: flux linkage, force constants, thermal resistance = prototype characterization/model verification

60 56.5°C
1/3 Module &) g.—-—&— B H=—q
< 50} - -
Flux Linkage ® ﬂ,.ﬂ’
Middle Z i . |
Coil Simulation Measurement £ 40 - ~ 31K
(mWh) (mWh) o P, =205W
Outer Coils: 8.3 8.35 Hj 30 95.5°( 1
lllddlc C'Oﬂ' 9[} 885 20 L L 1 1 1
0 20 40 60 80 100 120
Time (min)
V¥ Magnetic V Thermal
¥, = 8.5 mWb Ry = 1.51K/W
Kp=7.6N/A Tn ~ 30 min
Kg =5.9N/A

m Flux linkage measurement - measure induced back EMF and integrate to get the flux linkage
m Force constant measurement - apply known current and read the force sensor

m R, measurement (winding hot spot to ambient) - apply known losses and read the built-in NTC temp. sensors

« 1= innsbruckDrive and
I = Energy Systems Laboratory
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Bearing Force Constant, Decoupling of Bearing and Drive Forces

m Dependence on the rotary angle = measured and simulated with 3D-FEM (saved in a lookup table for control implem.)

c a b Measurement FEM Simulation
| — — = Bearing Force *
® ® ® ® O ® Drive Foree A -——-
20_ 20 ;l_

Bearing Force (N)
=
=

on

i
L

U'. » » 0 o 5 o+ B v . 5 B ¢ 4 ) o . 40 4 4 0 . :ﬁ_ﬂ_ﬁ.l_ﬁ_%ﬁ__ﬁ:_.&___ﬁ.—:ﬁ_—é_‘
-180  -120 -60 0 60 120 180 0 0.5 1 1.5 2 2.5 3
0 (°) Iy, (A)
Kp = 5.9 N/A, measuredrange [5.6 N/A- 6.26 N/A] Decoupling of the bearing and the drive force generation!

« 1= innsbruckDrive and
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Attraction/Pull Constant K, (Pull Force)

m Extremely important parameter for the control system design and implementation
m K, (also K,;) determines poles of the mechanical dynamic model of the mover

# Measurement — FEM Simulation

. 5 T T T T T T T T T T T T T T T T T T T T T Touchdown
3 bearing
=
=
5 0f : f
¥
=
é -5 ] i i i ! mover g

-0.6 -0.4 -0.2 0 0.2 0.4 0.6

Radial Mover Displacement from Center (mm)

K, =8.33 N/mm

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

« 1= innsbruckDrive and
I—DL 1 Energy Systems Laboratory
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Position Sensor

Operating Principle
Driving Electronics
Geometry Optimization

« 1= innsbruckDrive and
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Position Sensing — Linear & Radial

m Sensing locations at the axial ends of the actuator > SP1 and SP2
m Linear position 2> Hall-effect-based sensors, displaced 1r/2 electrical

SP2

SP1 Module 1 . Module2
ho P I
RN NS N S e S RS SN I SRS S SN
‘)‘ *.1" 1“7' yl,{ 1“7' y“( | f 1 ‘j >.‘4' 1 f " .
(——r

T -

- Sensor Data

R LA R A A A AL A AL A KAy Module 1 I
g h4 i ) > - ) . »- - > - »- -~ h:l‘ - PCB Integrated
e 2lg Radial and Axial & :
¢ * Position Sensor | _ 2l 4‘—SP2
heos = (hy + hy + hz + hy) /4 hsin = (hqy + hy + h3 + hy) /4

lO
Mover ~
\

Be1 = atan2(hgip, hcos)

Axial/Linear Position:

Lp
Z=?(0e]+k'2ﬂ')

4
§:1
0000000, 8 :ii @
s ocoococco " iii

m Radial position sensor = eddy-current based; conductive mover surface is a sensing target
m Advanced eddy-current sensing techniques = later in the tutorial, blood pump part

« 1= innsbruckDrive and
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Eddy-Current Based Position Sensor

m Injection coil carries high-frequency current = induce voltage in pick-up coils
m  Upper limit for the oscillation frequency = resonant frequency of the sensor (layout/size dependent)

Center Position Ax Displacement
Ly2u

/;'\' - Number of Turns
linj = linj sin(wgsct)

Wosc™ 3 MHz, [iy; ~ 100 mA

Lxa Lxo
OMinj—x1
J X
Minj—x1 = My + ——Ax
ox
C oJocuonooeca [T ° ° L "L a Min'_XZ
g o Minj—xz =M, + —a; Ax
Mutual Inductances: Mutual Inductances: oM
. s
"L{inj—xl = Mo Anw'finj,xl > Mp Minj—yl — MO + mnj—y Ay
Mipjx2 = Mg Minj-x2 < Mo oy
"L{inj—yl = My Anw'finj,yl = My M — Mo+ aMinj—yZ A
‘n{inj—yQ = My Anw'finj,yg = Mo Inj-y2 0 ay y

m  Anti-series connection of pick-up coils of the same axis 2 (Ly; < Ly;) and (Lyq © Ly;)
m At center position ind. voltage of anti-series connection is zero; it is non-zero if there |s mover displacement

«"1=I innsbruck Drive and
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Eddy-Current Sensor Electronics

m X — axis example - the induced voltage Ae, rectified and low-pass filtered results in U
m The same electrical circuit is employed for the y — axis

Delay Line

ML L . P %
inj U
=l T h
‘| - H Y -i\-."‘.

, . oM
Linjl Ux ~ 20)05(: Iinj ? Ax.

| Riyj

Wosc™ 3 MHz, [jy; ~ 100 mA

25V

m Eddy-current position sensor processing electronics

m JM/0r inductance sensitivity with radial displacement = maximized by the sensor geometry optimization
m  Oscillation frequency w,. limited by the resonance; injection current i;,; limited by the oscillator power

« 1= innsbruckDrive and
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Eddy-Current Sensor Geometry Optimization

m Model in Ansys Q3D

« 1= innsbruckDrive and
I—DL 1 Energy Systems Laboratory

Optimization parameters - angle between the pick-up coils & and the number of turns N of the pick-up coils
Maximize sensitivity about the radial displacements of the mover > dM/or

LPF Temp. Circuit

T

140 S Delay
120 + - i B Line
— 100 ; Lo
X 80 _ .
. 60 3 ! Sensors S _‘.‘
s 40 . o/ 3
S92 S4 " <l Pick-up

S5 S6
N—lO N—lO N—lg N—15 N =20 N =19
a=22° a=14° a =35 a=22° aa =35 a=25°

Coil

Optimum number of turns N - larger N does means larger size of the pick-up coil
Reasonable angle &« = leave space for the signal processing electronics (analog circuits & ADCs)
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Dynamic Modeling

Dynamic Model Derivation
Model Analysis
Relative Gain Array
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Controller Structure

m Linear motion, radial position and tilting of the mover should be controlled
m Interaction (force action) points between the stator and the mover = middle of the stator (module)

Module 2

Inner Control Loop
5 — I* U U Inverter _ MALTA
%—SM &*| Position ['dg Current dq|dq abc KA N

y.O

Controller Controller ! abc ‘

I fo o
x$z qu dq Iabc
ablc
o
State
Outer Control Loop Estimator

g~

ml

m Control plant m Controller structure

m Cascaded controller structure = outer position controller (slow) and inner current control loop (fast)
m Dynamic modelling of the plant = electrical model, mechanical model, position sensor model

« 1= innsbruckDrive and
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Dynamic Models for Controller Design

m Dynamic models necessary for the controller design = electric, mechanical, position sensor model
m Electric model & abcdq transformation of the phase quantities; dq currents control forces on the mover

Module 2 at
odile = L., Electric 5 Mechanical ||, ||Position Sensor 7
. =5 Model > Model > Model —>
Module 1 & «—SP?2 (Sec. 6.5) (Sec. 6.3) (Sec. 6.4)
Jy,B1 X
| é A . ; Z
N '%;/y; i Phase Forces COG Measured
NN x‘i'z Currents Coordinates Positions
fxBl x . X1
iaA iaB iaC R fyBl 321 q R Y1
Lipc = [iba 1B Ibc U = | fx2 q9=a p=|*2
ica I lec fyBZ '8 } C_I)r yZZ
sz 14
m Control plant m Overview of the dynamic models

m Mechanical model > MIMO model, coupling between the axes of motion; equations of motion must be derived
m Position sensor model - mech. model obtains COG coordinates, position sensor measures displacements

1= innsbruck Drive and
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Inertial 7 and Rotary R Reference Frames

m Inertial reference frame = between modules, point O; rotary reference frame = mover’s COG, point O¢qgg
m Position of the rotary RF with respect to inertial RF determines the mover’s position

Module 1 Module 2

SP1 SP2
== =3 =3 0 = =3 3|l
bA  bB bC YT bA bB bC
"
iy e R s s Wil
aAqJ aBH a(ﬂj WJ BWJ qj
g
ls lS
IR TR PM South
@ka ke {A,B,C} R Pole
vz po ‘A [ Windings .
(o) B PCB Integrated Sensors E\d L, o PM llIorth E“d
11 OG 11
Cg& ﬂk Axially Magnetized Ring coe Pole Ring
PM Rings
00
m Inertial reference frame m Rotary reference frame

m [g - the distance between the force action point and O; [ - the distance of the position sensors
m Electrical angles - 6 —linear electrical angle; ¢ — rotary electrical angle (bearing force direction)

« 1= innsbruckDrive and
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48/ 76
Equations of Motion (EoM)
m Newton-Euler equations of motion = equation of motion in IRF (1) and rotation equation in RRF (2)
m Interaction points ;P and ;P, -> center of the stator (module)
X (04
G = |y C_])r =|p
z Y
* G -
m— = 7Fot M
OR

Rl - 7 + R X gy - D = RTior, 2

m - mass of the mover Ixx 0 0
I, - Mol of the mover

IRF - inertial reference frame I

RRF - rotary reference frame 0 0 zZz

m Cardan (Euler) angles a, 8,¥ = mover’s rotation around respective axes X, ¥, Zg
m Intotal 6 equations = 3 for linear motion and 3 for rotation

« 1= innsbruckDrive and
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Position Control Bandwidth, SISO or MIMO Controller

m Eigenvalues of the matrix A - determine the dynamics of the systems and the minimum required bandwidth
m Closed-loop position controller bandwidth = should be at least twice the maximum unstable pole

Eigenvalue

Symbol  Mode
)\1’2 xr
A3,4 Y
>\5,6 z
A7.8 «
Ao,10 B

+218.92rads ™1
+218.92rads™!
+0.9893rad s~ !
+157.53rads™ !t
+157.53rads—!

m Eigenvalues of the matrix A

We = 2 X max (|)\{1,273,4,5,67778,9710}|)

=2 x218.92rads™!

= 436rads™"

m Minimum closed-loop bandwidth of

the position controller

Giy(s) = C;- (sT—A)"" - B, A(G(s)) = G(s) x (G(s) ™

RGA Number ()

RGA-number(G(s)) = [|A(G(8)) — Ipair|lsum

© B Wk o
o o o o o o

1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 L L1111l |‘lf\.|,II|||
~

0.01 0.1 1 le+01 1e+02 1e+03 1le+04
Frequency (rad/s)

m RGA number

m RGA number - helps to identify the level of coupling between the input and outputs of the system
m Low RGA number 2 low coupling and SISO control possible

« 1= innsbruckDrive and
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Controller Design

MIMO and SISO Controllers
_— Measurement Results
Tilting Control Example

_BPI1 BP2
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MIMO Controller

m Cascaded Control Structure m Position Controller Structure (§,ug pu € R15)
g ® 6 v u

e Outer Loop: Position Control (BW: 60 Hz) 4:I%FFip denorima.

e Inner Loop: Current Control (BW: 470 Hz) T MpuFpu lization

, — — — *
i < > Claug K, UFB.pu ﬁ\ VUpu ‘ U | Convert to qu
f.aug,pu Z regulator \E/ ‘D” dq currents
Il
Inner Control Loop

5 * Inverter MALTA FEU} > . 55 V0,pu
i Position [dq Current qu dq Uab(‘; ell “‘“‘“# 05 augpu  ? F’-

1
Controller Controller abe ] ‘;gé

Iy

y .0

‘ [P g;)u K¢
¢(,0 5 0 - observer Ppu
qu dq Iabc p gp.])u e
> F—"Ppu
abc
. Lo m Current Controller Structure (I € R¥*?)
& State 0
Outer Control Loop Estimator U0q,ind = Kind 2z -
Uyq Upc/2
I} d Uabe dabe
e Position Controller Tuning: LQG " Coi‘zi"(ﬁllers y
e (MALTA - Magnetically Levitated Tubular Actuator) - ziiz
qu dq Iabc
abc
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SISO Controller (1)

m Separated winding example

m xYy bearing winding

m Linear & bearing controller separated
m Bearing windings in anti-series conn.

. innsbruck Drive and
I—DL 1 Energy Systems Laboratory

dq il
je—— 15
a= d
le—— i
-
q d_ _.d _d
ARC [ ic =—is —ig
Y +d
U
+— 6 o
Y
ot
g = d 5] d
- + uy = dy
i —wLig uf L‘Fd L
d [ d
“C‘-’ e 0.5 |dC‘
z

[

Kp ig

"
3
-t-fFD) (7] Y —
= - + UyA [ da | | { Sl
> » "
y iy —wLiyq UyB N bE 3
3 - > n
‘u}_c‘_ Ua. 0.5 dyC N tyC
. 1 Uyg o
0= 0t Tl g 14
o =00 PR ™ aeanc -
iyg whiyg Inverter
— 6 (6 half bridges)
b
xydq fe—oib,
qu_ b
< IxB
. i b Bt b
Measured Quantities txg le—i.c = —iya —icB
. b
6 Currents lyd— [« Tya
3 Positions le P
ya€—1 1P b b
— =] '
abcABC [« e = —lya —yB

Position Sensor
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dq — ii = (?'aA + ipa +icA)/3

. «— it = (iap +ipp +icn)/3
tg €] d d _ .d

SISO Controller (2) fge =i
ig=0-% + ud dq y

m Combined winding example i Cwliq ud
m abcABC winding l

- - + ABC

iq<—]

z Kp g wlhig —wW¥
____lepﬁﬁar_RI}&'S‘_Qaﬁy_tz@l_ _______________________________ wlufl ud Jae
earmg Control p

T
b )
U 1 = J
2 = 0-S0-{ P JEots,{ 4 *icg:" SRR =mvoull LW [REEEA LAY ﬁﬁ’
*q - +] UaB ¥ | uzE T \f/ | d.8 'aB S
- e Hhrug | U 05[]l [ e
ixq whig alC aC I @ Ll i) .
F; iy u, /
-t o bd g + - Uxd T &
T @ . m + ufy ubs [ — - dya Jdd Tha —
b T ;
—wLi u dyp B
v Ky ™ Liixa b e DT il el
I upc | ;b*t“bc e 0.5 duc e
. F yil . g LIPS
P RSy e — |
Tl
Y Tyd —wliyq uL’A Ueh [ — dep Jdd |ia -_@
b T “f’ | g
. L gy w1 T -
. 1~ Yra Uz 0.5 i
fyq =020 “C_%-u_c o dec €
va ;_? A P1 ] 1? "|/abeaBc] - [ Ll
R ket]
Inverter
xydq fe—iP, =i n —id (9 half-bridges)
«—itp = iap — i /T
Txd e 8 = —iga —dup — S -
Measured Quantities i 4—2.5,; = iba — .i;; z
6 Currents . [«— Lg = B — !B o
. . IEEEa RN «—ibo = —iba — ibB — % g
m Superimpose control signals g, ity =i — i =
. o . b .o .d 5
m 3 three-phase systems in linear dir. opTe o
abcABC [« lcc = —leA — 1B —i¢
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MIMO - Measurement Results

m Axial Reference Tracking

e Axial Position and Force e Radial Position and Force

= 5} ' ' ' ' = 30

= z g 1 vy

R T ref = LS f’]llrélas ] d. I

s OF e sim ] Stroke: 10 mm F | P T meas ] Max. Radia

2 ——— meas g N Position Oscillation (1. 5%):

g -5 ] 21 ] +15 pm
@ o0 20 4 6 8 10 @ 3% 2w 40 e s 100

z ! T . < %

E05; CTYOT neas ERT I,

£ 0 - Max. Pos. Error: 0.5 mm - b e meas

2 05k 2 Mechanical Air Gap

£ B -5 ' +1000 pm
® 0 20 40 60 80 100 ® Y% 50 10 60 =) 100

08 3

w 0.6} Uz ~

E AN T sim T DR e e e AN A g S

e g-‘é' ——meas | Max. Speed: 0.6 m/s 3 e = o fomn

- — . [ v g N s -t 4 mmmme:sssa=.

g o . meas _di :
20 - - I e e e S St Y-direction
©" B R R R Compensates

© Gravity Force:

B 3 fop2 fym2 ] 3.25N

\ZJ . % e e — ?111235 ]

@ Axial Force: 9 1 :vjr A U PN R L oy SRR

S +15N S .

- 0;:;;_1;5,;\*“—*;;‘ e =W A ===

-30
Time (ms) Time (ms)
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MIMO - Measurement Results
m Steady-State Positioning

e Sensor Resolution ~1 pm
e Number of Measured Samples: 2000

Module 1 Module 2
X X
1 1
= X X X = X X X
20 20
= b % X S X X X
-1 -1
X X
22 -1 0 1 2 2—2 -1 0 1 2
1 (um) To ()
Mean Mean

mean(x,) = 0.0579 pm
mean(y,) = —0.0735 pm

mean(x;) = 0.0335 pm
mean(y;) = —0.0212 pm

STD STD
std(x1) = 0.3883 pm std(x;) = 0.4827 pm
std(x;) = 0.5579 um std(x;) = 0.4956 um

« 1= innsbruckDrive and
[ | Energy Systems Laboratory

m Mover Tilting Control

e High Precision Applications (e.g. Pick-And-Place)
e Thermal Expansions of Parallel Kinematics

Thermal

Expansi;);' x
4

e Tilting Experimental Verification:

y1 (pm)

‘ Mﬂd'lllf‘. ].
200 e B
va AN
0 1 \
-200 \ /

-200
T (Hl’ﬂ)

2004

y2 (pm)
=

-200¢

55/76
Mover
Tilting __»
(372, yz)
Module 2
Module 1
(iU 1, yl)
Module 2
< 4pum
s
-200 0 200
zo (Um)
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SISO — Measurement Results

m Oscillatory Operation m Axial Sub-plant Bode Plot

e Blue: Analytically Derived Transfer Function
Stroke: 10 mm e Red: Experimentally Verified Points: f, =
Frequency: 17 Hz {1,3,5,...,19,21} Hz
_ _ B
& u / / \/ {o = Force:< |+20|N 3
~ ‘k — > go
_ _2 =
® 02 035 03 = s
=10 : ‘ FONEOR
’.:73 [ L“I‘I p rlr ]'\ f"‘( H'w / .‘F-‘IL N ("; Hil' . oae —
o OppN T VI VR Radial Position: »
N e < |+10| pm
© 0005 01 045 02 025 03 n
2 | . 189 S o " 3
= 02 S 10 10 10 10
T O Bertmeiosstomioncmsomtpimsoeimmammot] . 5 Frequency (rads™")
= 02
9 : : ‘ - : 0.4
(@ S0 005 01 015 02 025 03
= 102 e Demonstration of the Real Life Operation 2>
= 0 10 H*‘T
= j02
@ 0005 01 005 03 025 03"
Time (s)
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Linear Bearingless Actuator
m Video (10 Hz, 1 Hz)
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Generalized Complex Space Vector Modelling

N g B
C A . .
Sdg z= XReupx clwrt

o
ont dq

R

. innsbruck Drive and
1 2 C 5 Energy Systems Laboratory
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Generic Complex Space Vector Modeling (1)
m Three-Phase (a,b,c) = Two-Phase (d, q)

m Example: Current Space Vector

V Three-phase currents

Iy = iR cos(wrt + @;)
lb = IR cos(wgrt + @; — 2m/3)
= Ip - cos(wgt + @; + 2m/3)

« 1= innsbruckDrive and
I — = 1 Energy Systems Laboratory

gég[l
x € {u,i,y}

V Space vector

m Rotary Machine: Torque

V Stator: 6 concentrated coils V¥ PM Rotor: Ny, p = 4

North
PM Pol PM Pole

Yaq = Pr T, = ZNW,R A
m Linear Machine: Thrust Force

V¥ Stator: 3 concentrated coils V PM Rotor: 4 poles

North
PM Pole-

South
_—~PM Pole
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Generic Complex Space Vector Modeling (2)

. - APy _ a¥
m Rotary Machine: Bearing Force m Displaced Rotor 2 xR dyR = XpmRr
V Torque Generation V Bearing Force Generation e Flux linkage radial sensitivity
Yy 3 ( 3
R R
R, L Y R L
Q0000 z Q000 x
- VI a - U a
%] wa]
. . i, Ua i, Ua
m Rotorin Center 2 No Flux Linkage ot +
e Model: two coils in anti-series connection |
V Three Phase Flux Linkage
( .
Py = XpmR * [x . cos(th + <p¢) -y~ sm(th + <p¢)]

Yy = XpmR [x . cos(a)Rt + @y — 27T/3) -y sin(a)Rt + @y — 27T/3)]
Y. = XpmR * [x . cos(th + @y + 271/3) -y sin(th + @y + 271/3)]

V Space Vector ' .
Y= Ypmp- (xFi-y)- 0w ebont

L J
Y

Yaq = Xpmr - (x+i-y) - e v 3 _ 3 _
szz'Xpm,R"d Fyzz')[pm,lk"q

-a [VUUV

« 1= innsbruckDrive and
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Generic Complex Space Vector Modeling (3)

m Linear-Rotary Machine m Double Complex Space Vector
= )? . pl®x . pJOx . plwrt | pl-wLt
V Stator: 18 concentrated coils V¥ PM Rotor: Ny, p = 4 X (" RL e e | e e
Y
South _ ion _ _ o ad
North .. PM Pole Xaq = ArL - e e/ =xqq +i-Xqa +JXaq+iJXqq
PM Pole _«

¥ Flux linkage (¢, = 0 and 6, = 0)

r @ .
\gv Yaq = Yaa = Pre
2 Top =

Source: Jin et al., 2012

¥ Phase quantity m Torque and Linear Force
Xaa = Xgy - cos(wgrt + @) - cos(wit + 6y) XrL € {ﬁRLv Ixy, @RL} 9 _ ) 9w .
Tz:ZNpp,R'le."qd F, =2'Fpp“pk|b"dq
V Double space vector transformation
X X X 1
4 aA aB aC . .
x & 5 [1 a a?] lbe Xpg  Xpc|| L x € {g, L y} m Bearing Force
- XcA X Xccl|b? e Rotary phase rescheduling needed
9 9 )
a = eim/3) b = ei@m/3) Fx =7 Xpmre " laa Fy =72 %pmre " lqa
A Rotary i complex plane A Llinear j complex plane

« 1= innsbruckDrive and
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Generic Complex Space Vector Modeling (4)

m Linear Force Generation m Bearing Force Generation
e Simpler than full linear-rotary machine e Linear-rotary machine with wgp = 0
V Stator: 9 concentrated coils V¥V PM Mover V Flux linkage R
_ - RV M ) _Pu _ ¥
Bom i—Xpm,M'(x‘i'l'y)’e te e XpmM = dx dy
L J
Y
Iron
Ring .« ) .
South Yaq = X c(x4i-y)-elPv. ity
PM Pole =
%! North
PM Pole
& 9ﬂ _ B 9 9 .
Yaq = ¥ .= Top "W g Fx=72"2pmm " laa Fy =72 Zomm lqa
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Double Stator LiRA

Stator Arrangement
_ Cooling of Inner Stator
Geometry Optimization

« 1= innsbruckDrive and
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Double Stator (DS) LiRA Realization Options

m Stator Arrangement
e Outer 2 Linear, Inner > Rotary

A T
Fyo -~

W™

Y

Fyy

e Outer 2 Rotary, Inner = Linear

}:1)2 r
Fy1

5
Q

<

m Mover Types

With and Without Back Iron

A DM

Axial Acceleration

Mover~" | T.1 T.o
| — —

ACM
/ g
// "”"
/
“/
T |
— orque
F. d
> 100%
. 200%
\ .
\

« 1= innsbruckDrive and
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Acceleration
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Cooling of the Inner Stator

m Heat Flow Conduction Paths
e Quter Stator: Radial Heat Flow
e |nner Stator: Axial Heat Flow

[ Rotary Stators
Inner Stator
B Mover
[ Mechanical
Support
— > Heat Flow

Tea2 Teq

e Winding Temperature: T.1, > T

e Unequal Temperature Distribution due to
Axial Heat Flow and Thermal Resistance

« 1= innsbruckDrive and
I =L 1 Energy Systems Laboratory
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m Reduction of Axial Thermal Conductivity
e Iron Core Thermal Conductivity: ~20 W/(mK)
e Copper Pipe Thermal Conductivity: ~400 W/(mK)

Tp = 40°C (°C)
b 100

80
60

40

e Optimization Between ‘Magnetic’ and ‘Thermal’ Material
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Analytic Thermal Model

m Inner Linear Stator
e Hot Spot Temperature: T .1, < 120°C

Tep
Ty
Rin fe2 Rih cu2
I I Rth,ecﬂ!
R‘l.h,fel R‘l.h,cul
Pruitin/12 : :
cu,lin Rth,cl
Wous
| Te1 | |
Rinequ
Rih fe1 Rincut €a
}:‘:::u,lirll{ll2 R T T
| th,cl
MouE=
Te ! !
Rin fe1 Rih cut
P-:u,lin/r2 R
th,cl
et
| Te11
» i Rin fe1 Rih cut
cu,lln/ Rth,cl
)T
Te12
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Tarnb

Rth,a,mb

Te1
Teo
Tea
Tea
Tes
Teo
Ter
Tes
Teo
Te10
Te11
Tei2

Rinct  Rihfer

m Outer Rotary Stators

e Hot Spot Temperature: T,,1_¢ < 120°C

Rth,ep Rth,amb

I o N o B
T, T,

X Tep amb

Rth,casel Rth,case2
° 1 °
| I
Rth,exl Rth,exl Rth,exl Rth,exl
Rin,wi Rinwi Rin w1 Rinwi
eeoe LI

Tt Twe Twr Twia

Pc:u,rot Pcu,rot Pcu,rot Pcu,rot

6 6 6
Rth,casel Rth,caseQ Rth,ep

6
Ttooth
T ¥
\

Tw1 wi2

o T
*‘ L*wtooth
Ww1

m Thermal Model Equivalent Circuit

2Pcu,rot

| Rth,rot
| }—( : 11—
TW1—6

T

Rth,ep

Tep

R
th,amb Tamb

Pcu,lin

Rip lin
ll C Te12

| S|

Tep Rth ,amb
Tamb
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DS LiRA Geometry Optimization

m Parametrize Geometry m Automatized Optimization Procedure
® Outer Dimensions Fixed: L = 100 mm,D = 100 mm e Discrete Design Space
e AirGaps:7,, = 0.7 mm - :
P . 9 Discrete design space
e Copper Pipe Hole: Dy, = 8 mm (Sensor Cables) (Kin outs Kou-fe.rots Feu-te.lin; Tms Tpms Tpipe)
e Max. Winding Temp.: 120°C T max ot
v 4

[ Calculate admissible copper losses
lcu ,rot Pcu,lin — f(Tw: Tamb: Rth,...)
[ Current stress for 2D FEM

rotIrot . \/_ \/Pcu rot/ 6Rrot) Factor Of.
N f 8v2\/P 7(6Rm) overload
L |hn _ cu,lin lin capability

Loop through design space

Solve 2D FEM Solve 2D FEM
e Models: o . - .
-Magnetic: 2D-FEM T. = f(Irot,geometry) | |Fz = f(lin, geometry)

- |

-Thermal: Analytic Lumped Parameter Circuit Network 2>

« 1= innsbruckDrive and
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Optimization Results

m Torque vs. Linear Force Pareto Plots m 3D FEM Flux Density Distribution in the Chosen Design

e Compromise Between Torque/Force and Acceleration e Flux Density Evaluated for Double the Continues Current
2 . . .
Circumferential Acceleration (krag/s ) e Outerstator: < 2.1 T, Inner Stator: < 1.4 T, Mover: < 2.1T
7 T T T T
° e LS 7
— ° L) ° /
E te ‘o F3J
56 r ® e : 6
N oo Ceo, ] /
TT) .: : : E 5 B [teslal
=] z, 1088
§5 I ¢ f 4 !1.39@
= . 1. 7648
° 3 Chosen Design: 1. 6308
5.3 krad/s? 1. 300
4 2 123.5 m/s? s
2 1.6881
Axial Acceleration (m/s%) 6.24 Nm o 1901
7 T r T 130 181.5N 2. 8301
e 28 o o, 541
ot ll 2 .
— ° L ¥ .' $ °0 2 4 120 0. 1261
=] * e ° e @, oem1
Z 6f o & { (]
< . viel 110
TE‘ [ ] ° [
g | oo 100
= b
=
90
50 100 (mm)
4 | ] i ]
80
10 120 140 160 180 200 Hardware Prototype 2>
Linear Force -F (N)
e inNnspruck urive ana

I—DL 1 Energy Systems Laboratory
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DS LiRA Prototype
m 3D CAD Model m Prototype Realization
e ‘Exploded View’ of the Outer Rotary and Inner Linear Stator e Outer Rotary Stator e Inner

cable glands ——

Stator - \\\

: back shield
linear stator

power connection PCB

connection box

inner stator

linear position sensor

e Inner Stator: 12 X Coil Windings,
1 X Lin. Pos. Sensor PCB,
1 X Power Connection PCB

e Outer Stator: 12 X Concentrated Windings,
2 X Rotary/Radial Pos. Sensor PCBs,
1 X Power Connection PCB

« 1= innsbruckDrive and
I—DL 1 Energy Systems Laboratory
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18-Phase Inverter Supply

m Schematic m Hardware Realization
e LC Output Filter with Parallel RC Damping

DC-Link UART
T | 100V
J:j Cd/2 | x 18 i Position
M 0/2—— —— Sensor
T 2Rd " Interface
| T s
400V ) > : Auxiliary
z, l + ; Three-Phase i 12V Supply
1L 2Rd lout Power Interface A Bl ™ —
S i duct |
] 0/2:: Vout emiconduc orc‘ R _—
oJN_j | ‘eraliink DC-Link
— Cyq / 2 Capacitors
- | . Fans
o Heatsink Y
Filter

e Power Semiconductors: 600 V,70 mQ, CoolGaN — MOSFET Inductor ™
e Inductor: L = 80puH, N87, RM12,23 Turns, 71pum Strand
e Capacitance: C = 4.8uF forTHD ,,,,; = 1%

e Heatsink Design: CSPI = 12 W/(Kdm3)

Electrolytic
DC-Link Capacitors

1= innsbruck Drive and
I—DL 1 Energy Systems Laboratory
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Current & Position Controller

m Current Control Structure m ‘Decentralized’ Position Control
e Input: i,,; References > From the Position Controller e Dedicated PID Controller for Each Motion Mode
:E; :i?: Tdq_[iLra g Ao ¥ Fpa
. ] 1+ z
iL4 iLb,a ~ o & KK
iL5 iLb,b dg_|iLb,d | o I |l Ty
i i ‘Lbg o g W T * F
L6 1Lb,c - R T Y1 + dL yl
. -gc-ﬁs.‘ gemu -}Nﬂ ?(;SQ g m @
Vel (:Ucr,a o v 771 |Vswr,a Vswl dx : -
. Ver b dg TJcr,d Uswr,d dq Vswr,b Vsw2 ds Yy mg/2
Ves W1 |Ver,c Yer,q SWT,q Uswr,e W |VUsw3 ds T + Fuo
Vc4 Ucb,a _ T_l VUswb,a Usw4d - d4 m
Ve veb,b_—da,_ |Yeb,d Uswb,d “dq |vgwh,b Vsw5 ds
Vc6 Vch,c f—’cb,q Uswb,q Uswh,c Vsw6 dﬁ : &Ly
Y3 + +o Fy2
: 6 m [PID>©)
1 ir,a - i A s
io ir,b Taq_ r,d Bearing Controller
i3 W1 |ire ra - . mg /2
i4 ib,a _ = * L e 5
is ib.b Taq ib,d E;g ) : ’_ ’- ’+ >
o e ib,g ‘TT ) Linear Controller
L T : Feog
a* + + T
Rotary Controller '* +¥
iA ) T [vsw A da .
. T Usw,d d ’ « Jé
B dq Ed ’U:: q — Usw,B — dp
C a ’ Vsw,C dc
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DS LiRA Measurement Results

i2ch

m Rotary Step

20—
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-] —195°

Stroke: 180 °

Error: < |+5]|°

Max. Speed: ~700 rpm

Torque Limit: +1.26 Nm

m Rotary Step: Radial Positions
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References:
x1=0
y1=0
x=0
y2=0

Deviations: +50 um
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DS LiRA Measurement Results

m Video

« 1= innsbruckDrive and
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Summary

m Linear Bearingless Actuator

e Integration of Magnetic Bearings into a Linear Actuator

Radial Position and Tilting Control in Micro Meter Range
e High-Precision/Purity/Dynamic Linear Motor Applications

m Linear-Rotary Bearingless Actuator

e Coupling of Rotation, Linear Motion, Magnetic Bearings
e Automatized Semi-Numerical Optimization Procedure
e High-Precision/Purity Applications

« 1= innsbruckDrive and
I—DL 1 Energy Systems Laboratory
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Biography of the Speaker

Spasoje Miric received B.Sc., M.Sc., and Ph.D. degrees in electrical engineering from the University of Belgrade, School of Electrical
Engineering in 2012, 2013, and 2018, respectively, focusing on power electronics systems and drives. In 2021 he defended his
second Ph.D. thesis at ETH Zurich at the Power Electronic Systems Laboratory (PES) in the advanced mechatronic systems area.
More specifically, during his Ph.D. project, he focused on linear-rotary actuator systems with magnetic bearings, resulting in two
new machine topologies patented. Since 2021, he has been with PES as a post-doc researcher, focusing on WBG power converter
optimization with hard and soft-switching, new modulation techniques of flying capacitor converters, wireless power transfer
systems, and eddy-current-based position sensor systems.

He was appointed Ass. Professor and Head of the Innsbruck Drives and Energy Systems Laboratory at the University of Innsbruck
(UIBK) on Jan. 1, 2023. DDr. Miric proposed a novel self-bearing actuator topology and a generalized complex space vector calculus
for linear-rotary machines. He has published 20+ scientific papers in international journals and conference proceedings and filled 7
patents. He has presented 2 educational seminars at leading international conferences and received 5 IEEE Transactions and
Conference Prize Paper Awards.

Since 01.01.2023:

Drive and Energy Systems Laboratory (i-DES)

www.uibk.ac.at/mechatronik/ides/

« 1= innsbruckDrive and
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Thank you!
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