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Introduction

—— Linear Rotary Actuators (LiRAs) ———
Applications
LiRA Examples
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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
Coupling Coupling

m Intended use determines the type of the LiRA, i.e., the type of coupling

5/178 _I%l

¥ ¢Z

m Magnetic 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
RIDGID .

Bi-directional Shift finger
rotational motion

Permanent magnets
g ctuator interface plate

Armature

Bi-directional
thrust forces

Armature

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

m . . h SPEC
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LiRA 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
. ’Tf“(:z’o""n’iy Electrical wiring
TU/ e éﬁiﬁi? Hollow shaft ParamEter Value
Magnets (moving) Zs troke is mim
{forad) Coil mounting d)StTOke i ] 800 degrees
mechanism ZET“I‘ 5 “m
| I_‘i:’:;\lj“mf Back-iron (fixed) qSeT'T' 3 mrad 5
Coils (moving) az 1 50 ms B H i i i
igh accelerations required
@y | 7700 rad s—2 9 9
—1
i Umax 3ms
Coil mounting .
Cul o e | 135 rad 5= mam) Rather a low max. speed
Linear dz 0'22
Aclua\[ur_ Coils (moving) d¢‘ 0.39
X[l.‘v;;um LZ QS 105 mm
(fixed) . T‘O,mam 30 min
kI)_“” T’i,min 18 mm
m LiRA or z¢p-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

4©IEEE
ety
TU /e ShiveRsiTY or
TethioLooy
Air bearing
«—— | Back-iron =

Coils z

0 20 40 : ‘ L
Position (mm) 2 . | i hg

Magnetization =z

[ Encoder heads

i ‘ Back-iron gravity compensation ‘

x rl rllr¥lrl

. ‘ ‘
0 20 40 = = =Totl model FE
Position (mm)
A P i i I i i i
Coils 0 s 10 15 20 25 30 35 40 @
~— Back-iron ¢ 0 Displacement (mm)
— 1
Magnetization 8 _
Z 2
o
3
4
0 20 40

Position (mm)

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

SPEC
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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

tooth tip

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

&
GDI

o=

=

A

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

=l s e Moving coil
translator

Moving
coil rotor

Rotation
module

Translation
module

Force o Rotation
axis, Z
Magnetization Circular Connecting

component between
translator and rotor

direction Halbach array |

A

——

%
-)l' ‘_ - .

m Limited rotary stroke due to permanent magnet field arrangement - parts with no radial field

m  Moving coils = moving cables limit lifetime

SPEC
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LiRA Example 5

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

Stator - Ba %

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

E’H Z Ur [ C h Spﬁ Ssoft)hE-nCPig ge%tronics Conference
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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 ZAx

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

o PEC 2022
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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

E’H Z Ur [ C h Spﬁ SSthE-nCPig ge%tronics Conference




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

Need for Improvements

Application Requirements
—_— Conventional Bearings _—
Bearingless / Self-bearing
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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; repeatability < 10 pm

@ cuspen " " Thermal
- LA Expansions ‘\
: g Parallel S
Alrpac | Kinematics i e
LiRA S
Mover
Tilting __>
(3321 ’9‘2)
Module 2
. Module 1
(:1: 1 yl)

N

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

ETH:zurich i
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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

o PEC 2022
E’H Z Ur [ C h Spﬁ SSoutherr? PoweOr Electronics Conference
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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 - free of contact, no contaminating wear, bearing stiffness control, low maintenance
m Applications = vacuum and clean room system, high-speed pumps, high-purity pumps, flywheels

ETH:zurich i
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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
] = Rﬂtms pole = 2, Stator pole = 4 .
‘\: 1

e gg—

Nt f( \_Sl /N'ls ;
= == &/ h&_ﬁ_/s %\_E/ N

Magnetic Bearing Z\ Magnetic Bearing S _ N
T Motor wt=10 wt =m/2 wt = wt = 3w /2
Fo = Ih =)0
|Z| Rmor pole = 4, Stator pole = 2
/ 3 \ /
. . / TE
W Uy / \
=] I\ -
N
S~ S~ .
Magnetic Bearing M L E) L M ) wt=10 wt = ’,"I".f2 q,'f =T wt = .j]"l.h?
Self-Bearing Motor Self-Bearing Motor
(Magnetically Levitated Motor) (Magnetically Levitated Motor)

m Tilting control of the long shaft > either (F,) & (T, F,) or (T, F,) & (T, F,)
m p * 2 typeis achieved by winding scheme or current distribution in the existing main windings
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LiRA with MBs

Integrating MBs into a LiRA - various combinations of standalone and self-bearing options are possible

|
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) -Rotor R S-Rotor .~ CB-Rotor,,
z { J t"
2 &z 3
LiRA-1 #MBH L H R MB_ 2
A~ AZ . S
! 1 LiRA-5 L CB-Stator
LiRA-2 #MBJFRH L HMB+R_ T TN } R-Stator
e or
:c-; L-Stator
LiRA-3 i\[B+LH H\[BJrL_ _ \BRTNBT s .
LiRA-6 | T | [ MB+R | |MB+R+L|
MBER [ MB+R 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!
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Linear Actuator with Integrated MBs

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

Fo i
Fy
e

. . SPEC
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Tubular Linear Actuator Derivation

m Derivation of TLA - tangential force for generating 7 in RA, generates drive F4 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,

$ Fy
ISR

B-B’ cross-section view

[ 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

m . . h SPEC
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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; 6 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¢)

TLA Winding ®) DAReAL |

cos(04ya)  —sin(f+7a)
[$d Iq:| = [a:i :c% 5'3%]"7 cos(@+~p) —sin(6+~p)
“|cos(@+ vo) L —sin(6+vc)

[zg m% a:%]:[ﬂﬂd Iq]x

Linear Direction
(©)
td iq
+ +
+
«>» uUd Uq wolr
¥ ¥
(d) —wliq wlig
i4 = Iqcos(6+ 6% + 4 *
i T ( d F}) ?;*:0 Z*:Aide Kdzg_ﬂ-A
ig = Iqcos(6 + 67 +p) d d ‘ Kq 27p

Ya =0, = —27/3, y¢ = 27/3 i = Iy cos(0 + 6% 4+ )

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

SPEC
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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

(c.ii) (c.iii)
— /2 2 b
Iy = VIS + IS ok . m d — current component in a linear direction needed
@ = arctan 2(Fy, Fy) iy = Ky = Iy, sin(yp)
b

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

E’H Z Ur [ C h Spﬁ SSOEhE‘nC Po\zueor ge%tronics Conference
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xy Winding and Three-Phase ABC Linear Winding

m  Bearing force currents = ‘d — component’in a linear direction, must not generate drive (linear) force
xy - current components (circumferential) > determined by the desired force direction

|
b b b . .
U A ’U.-XB ’U,-XC 'Bxd "'xq
b . b ¥
Al Bl xC +
<« lUxd Uxq
+ 4

—whixqg Wl iyq
' lyd lyq
E?A + +
<> Uyd Uyq
B + E -
o (d) —wlL iyq wil iyq
e T
’ ap.cy = bxa - cos(0 407 +yaB.cy)
EF* . o b
¥y ¥ = O’ Zy{A,B,C} = Zyd : COS(G + Hi + W{AJB)C})

ixq and i 4 calculated from the force components that should act on the mover (e.g., obtained by position controller)

|
m 0 isthe glectrical angle determined by the mover’s axial positionz > 6 =7 - z/7,

SPEC
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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 y

Linear Direction

b b _b cos(f+va) —sin(0+ va)

[ng ixq] _ CU};A ac);B Txc| 2 cos(0+ ) —sin(6+g) Dlﬁlél(e“i(lm xydq Transformation
e Ty A myBlmyC cos(0+ vc) —sin(0+ v¢) -
xydq xyABC
Linear Direction
b .b b
TxA TxB TxC| _ led qul (| cos(0+7a) cos(0+ap)  cos(0+ ) Inverse xydq Transformation
zP b b Lyd Tyq —sin(0 4+ v ) —sin(0 4+ v ) — sin(0 + v¢)
vA yBI yC I
xyABC xydq

m 12 phase windings, but 6 phase quantities - windings on the same axis connected in series
m Linear direction > ABC - three-phase quantities; dq - stationary coordinates quantities

SPEC
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abc Winding for Bearing and ABC Winding for Linear Motion

Bearing force control with a three-phase winding abc = xy current components determine the /,, and ¢

|
m @ - electrical angle for rotary direction; 6 - electrical angle for linear direction
xa = I = II} Iq =0 Iy = (i )2 + ()2 inpam.o) = Db cos(p +7a) - cos(t + 0 + 7 m.c))
b b= \/ Ixd tyd iﬁ{A’B,C} = I, cos(p + ) - cos(f + Hib +Y{A,B,C})
P — Iy =0 p = arctan 2(igy, iyy) it am.cy = b cos(p +7e) - cos(0 + 0P + vam.cy)
yd 7Y TR ya .
b "yA:07 WB:*QTF/Ba 70227‘-/3

m Comparison between xy and abc winding type = capability for the bearing Fy, and the drive F; force generation
m Rotary direction > abc - three-phase quantities; xy - stationary coordinates quantities
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abcdq Transformation

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 y
Rotary Direction [ b b b :
: Zop Top Lo cos(6 +vya) —sin(@ +va) .
[mxd g:xq] _ gl cos(va) cos(yb)  cos(ve )l Aub . b b | 2| cos(60 +p) —sin(@ +p) abcdq Transformation
Tyd Tyaly 3| = sin(ya) —sin(y) —sin(ye)] | P PR P 3] cos(9 +4c) —sin(d +yc)
X}’dq N ____V____ " CA/ cB *cC —_— "V‘"_ -

abc » xy

abcABC winding, three-phase rotary and three-phase linear - 9 phase quantities
Bearing current component & Drive current component > combined or separated windings
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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
fl_abae,aaaaaaaa _?666 T 3} r;—g—g,
AV AvArARAviviRa iy, avAvIaraY, TAriy]
EE %:O“ "‘?E’@E’@E’ ,r_zjx ‘-33; 4’@0* *?:i@:?’ "PE’ T e 1 I e N 1S S
+ o+ |+ A+ o ] TYTY Y Ty Y Y Y Y Y
°Y =T T? ol o0 w<|oA|TO ‘" ‘H ° ° . .L”
Y

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
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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 Separated winding, 12 half-bridges

m Combined winding, 9 half-bridges

-O\O—T—o\o-
it ipe NI

o a0

Mol el Q0
> e e~
+| + +
o/ oL T/

3

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
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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

2

— 60mm = MALTA

Combined Winding

30/ 178 _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

Winding Shown Force/Fgtra Number of

Realization Drive | Bearing | Half-bridges

Combined N

3 X 3-phase Fig. 4.10(a) 0.78 1.12 18 I;I'eL;:\chWr:ll;c:Ln%r
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

ETHzurich
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MALTA Prototype Design

Magnetic Design
18-phase Inverter Supply
Verification Measurements

Module 2

Axial Force Sensor
) v

/

e

Module 1
\

. 5

Auxiliary Mover_ Axial Positioning

Mechanical N\ Stage
Linear // =

Bearing 7%. ’ii

Radial Positioning
./ Stage
Radial

Force Sensor

I@l
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Stator Design

m Choice of the tooth width 7; and the tooth depth . - 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)

Drive Foree Bearing Force  Radial Pull Force
50
— 40 7t = 3mm
touch-down 1 g %0p
Tt . i 5 Ty = 3 mm
bearing = 20}
Tt
10E
0 L 1 L 1 1 1 1
5 6 7 8 9 10 11 12
12.5 mm - - i ry (mm)
15
40
re = 11 mm
— 35
19mm 2"
mover N g 30 7 = 11 mm
—
= 25
20F

71 (mm)

m The drive and the bearing forces - obtained for the maximally possible continuous copper losses
m Geometry parameters 7. and . = chosen such that the pull force is lower than the bearing force

E’H Z Ur [ C h spﬁ SSthE-nCPD%:S ge%tronics Conference
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Mover Design

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

40 r ’ . ’ 160
o ™
SPM IPM '
: = 20 ° 150 2
Bpm iron B & [ chosen design ] —
North PM pm 8 140 g
pole 320 5
: 150 2
= o
< South A 10 120 <
: \ o . PM pole =
back iron PM pole Dy \ “North 0 | | . . 110 =
PM pole 0 10 20 30 40 50
Bearing Force (N)
m PM geometry range from the scaling law: m Final geometry parameters obtained by 3D-FEM:
Dpim + 21 Dy = (D = 2ry;) - [0.5,0.7] — 2
-5 = [05.07] pm = (D = 2rp;) - [0.5,0.7] = 2ryy Top=30mm Ty, =10mm Dpyp=27mm fp, =3mm
— alpi

= [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

. . SPEC
E’H Z U r [ C h W Southern Power Electronics Conference



-1C I Power Electronic Systems
I"— Laboratory

ETH:zUurich

Eddy Current Losses

34/178 _I%l

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 - 2.5
If 2E 200 I
E1F
- f 11.5
z Of
n ot {1
5-1F
= | 105
=-2F
' - : - - 0
0 20 40 60 30 100

Time (ms)

Maximum expected operation conditions:
20g acceleration
30 mm stroke

Eddy-Current Losses (W)

B [teslal

8.2278E-001
7.6794E-B01
7.1339E-001
6.5625E-081
6.B341E-001
5.4857E-001
4. 9372E-891
4. 3888E-001
3. G44E-BO1
3.2919E-801
2. 7435E-001
2.1951E-801
1. B4BEE-0A1
1.0982E-801
5.4970E-002
1. 3530E-00Y4

m Average eddy current losses during the operation = 0.7 W - 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)
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MALTA Hardware Prototype

Mover’s conductive sleeve - mechanical protection & eddy current position sensing
|

Test bench with positioning stages and force sensors = machine constant measurements

carbon
rod -

Module 2

stacks of 4 axially

Module 1 Axial Force Sensor
magnetized Al ’
rng IT’MS 0.3 mm aluminum sleeve Nleehain el Mover\ Axial Positioning
| Linear :

Stage

NTC Thermal ]
Sensor Wires Module | adia Stz; ioning
L NV Radial
Winding Force Sensor
Connections /4
205 turns el
0.6 electrical fill factor _
0.5 mmn wire diameter /_.., Measurements: V Thermal V¥V Magnetic
Touch-Down _ o
Bearin T Ry, = 1L.51K/W Py, = 8.5 mWb
: T Tth ~ 30 min Kp =7.6 N/A
Kg = 59N/A
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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.: 80 V,10 A, 15 m()
2 X position sensor interfaces
Control Board: ZYNQ, Z-7020 (156 digital I0s)

Current measurement:

LMG5200 AFE ADC
LT1999 LTC2313
<Cconv .4
Leclk

[T

i)
b >—dat
Rhlnlm'
45V I
10m< s e .
220 IR Lom..c.nl.ratLd
winding

2mH L ‘ 2

p—
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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 - L -
Flux Linkage 2 ﬂ/ﬂ’
Middle Z i |
Coil Simulation Measurement o 40 = ~ 31K
(mWh) (mWh) o P, =205W
Outer Coils: 8.3 8.35 S 30 95.5°( L 1
Middle Coil: 9.0 8.85 2) 1 L 1 . :
0 20 40 60 80 100 120
Time (min)
¥V Magnetic V¥ Thermal
Py = 8.5 mWb Ry, = 1.51K/W
Kp =7.6 N/A Teh = 30 min

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

ETH:zurich spec
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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)
=
=)

* .
A—A A AN A LA A DAL

on

U M P N P I TP [} = s
-180  -120 -60 0 60 120 180 0 0.5 1 1.5 2 2.5 3

¢ (°) Inp (A)
Kg = 5.9 N/A, measured range [5.6 N/A - 6.26 N/A] Decoupling of the bearing and the drive force generation!

ETHziirich
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Attraction/Pull Constant K, (Pull Force)

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

# Measurement — FEM Simulation

5 Touchdown
Z bearing
=
=
5 0 '
¥
=
Cﬁ ) . { . | | movef’ N

-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

ETH:ziirich Er=
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Position Sensor

Operating Principle
Driving Electronics
Geometry Optimization
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Position Sensing - Linear & Radial

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

SP1, Module 1 Module 2 SP2
-< h2 - »>- - > -[:p »- - > - h-e— -<
YOI “' l VA 'A A Module 2
e e e e B N
:k_ H ,,J::k_ H “‘ ; "‘::“. H ,.4:.'!_ H ‘.4'“*\_ ' ;: ] /4:'.‘\- ' Module 1 Connector
= hyg PR 7 7R PCB Integrated g
‘PM L 2ls A Radial and Axial g
¢ ¢ Position Sensor | P2

hgin = (hy + hy + hg + hy) /4 °
Mover
Ol = atanz(hsin: hcos) \
Axial/Linear Position:

Lp
Z=?(9el+k‘2ﬂ')

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

ETH:zUurich
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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

/N - Number of Turns
linj = linj sin(wosct)

Wosc® 3 MHz, [i; ~ 100 mA

Lxa Lxo
OMinj—x1
J X
Minj—xl =M, + Ax
ox
Wloocooo 4 : E aM .
eeooo0e L1} L L ln_x2
hg! vl Minj—xZ = MO + a—;Ax
Mutual Inductances: Mutual Inductances: oM
. s
"L{inj—xl = Mo Anw'finj,xl > Mp Minj—yl — MO + mnj—y Ay
Minjx2 = Mo 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 - (Lxl © Ly;) and (Lyq © Lyy)
m At center position ind. voltage of anti-series connection is zero; it is non-zero if %,here is mover displacement

E’H Z Ur [ C h Spﬁ SSthE-nCPieOr ge%tronics Conference
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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

T
Delay Line

ML . nn %
inj VI
: 925V
S ) — N 25 .
LinJ'I' Ve jF': | Lj ",-LMM L-PF Usx Ux ~ 205 finj ? Ax.
) — it FiY

| Ry

Wosc® 3 MHz, [i; ~ 100 mA

SRSt

25V

m Eddy-current position sensor processing electronics

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

SPEC
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Eddy-Current Sensor Geometry Optimization

Optimization parameters - angle between the pick-up coils @ and the number of turns N of the pick-up coils

|
m  Maximize sensitivity about the radial displacements of the mover - dM /or
LPF Temp. Circuit
120 v : : Delay
— 100 ;. i
X 80 _
\':\ — 60 ! Sensors SN
V/ S8 40 . ADC
= 20 T
S1 S2 S3 S4 S5 S6 ( Pigkﬂlw
m Modelin Ansys Q3D N=10 N=10 N=15 N=15 N =20 N = 1¢ -
a=22° a=14° a=35° a=22° a=35" a=25°
m  Optimum number of turns N - larger N does means larger size of the pick-up coil
m Reasonable angle @ - leave space for the signal processing electronics (analog circuits & ADCs)

SPEC
Southern Power Electronics Conference
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Dynamic Modeling

Dynamic Model Derivation
_ Model Analysis _—
Relative Gain Array

. . SPEC
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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 2

Inner Control Loop

- * Inverter MALTA
SP2 §*| Position qu Current qu= dq Uabe 2“» M*P

Controller Controller e ,i
i fo o |
x$z qu dq Iabc
ablc
1Lig
& State |
Outer Control Loop Estimator

el

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

ETH:zurich i
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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 a
oduie = I Electric _ | Mechanical | |, ||Position Sensor| -
f B2 /y abc ’ v R ; | , P
" T/ —>  Model »  Model »  Model  —
Module 1 "‘V// E’_SP2 T (Sec. 6.5) T (Sec. 6.3) T (Sec. 6.4) T
)N Phase Forces C0G Measured
ac‘i' z Currents Coordinates Positions
fxBl x R Xq
ian I lac fyB1 JZ’ qt V1
Lape = [l:bA top l:bc] U =|/fxB2 d=\a p =|x2
lcA LB lec fyB2 I } G, 3;2
fZD 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

ETH:zurich i
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Inertial 7 and Rotary R Reference Frames

m Inertial reference frame - between modules, point O; rotary reference frame = mover’s C0G, point Oco¢
m  Position of the rotary RF with respect to inertial RF determines the mover’s position

Module 1 Module 2

SP1 SP2
NFEFa s 4. (FEEraEa|l
bA  bB  bC yr, bA" bB bC
i
’ 7777 ‘V’ ””””” 0 I ’
aﬂj aBJ agj aﬂj aBWJ agj
Iy Is |
ls Is
YR
TR PM South
bk ke {A,B,C} L:R PTIe

=
: [ Windings

P

2 A\ |
) [ PCB Integrated Sensors | L, PM North

End Ocoa End
Axially Magnetized Ring Pole Ring
PM Rings
[)U
m Inertial reference frame m Rotary reference frame

m [ - the distance between the force action point and O; [5 - the distance of the position sensors
m Electrical angles = 6 - linear electrical angle; ¢ - rotary electrical angle (bearing force direction)

ETH:zurich i
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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
gi = |y g = |p
< Y
G =
— 5 — ITltot
ot?
OR O N -
RIm - —— + R0 X Iy - R0 = RTot,
m - mass of the mover Ixx 0 0
»lm - .Mol (?f the mover le o Iyy 0
IRF - inertial reference frame 0 0 Izz

RRF - rotary reference frame

m Cardan (Euler) angles o, 8,y = mover’s rotation around respective axes x5, y5, z;
m In total 6 equations - 3 for linear motion and 3 for rotation
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Standard form of EOM —> characterize the mass and the stiffness distributions within the system

Mo = J (FEGM:

States: f-f =

Sexe = =] (FEoMé")

= T R N2 R

q

at?

B
fyBi
Inputs: o = | fimz
fyB2
fo

- o
Gexs =] (FEoM= a—?]

at ss

Vs = =] (EEoMs 6)

at ss

m Linearization

Laboratory
Solution of the EoM and Linearization
m  Solution of the EoM is a nonlinear function - linearized to get the standard form of EoM
|
- g 9q . _,) m 2 7Fot
FEM|— —.q0| = |- - - -2 - — =< ol _ L0 —|=0
. ( a2 o Rlm 22 + g X gLy - RD — RTot i
m Nonlinear solution of the EoM
*q G o e
M i6cZ =s5+v3,
at? at
m Linearized solution of the EoM
m EoM matrices > M - mass matrix; G — gyroscopic matrix; S — stiffness matrix;
m Second-order differential equations (DE) - reduction the first order DE, i.e., the state space
ETH:zirich
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EoM to State-Space Equations

m Transform second order EoM to the first order state-space - double the number of states
m Controller design standardized for state-space equations

— -

q - Positions — q 1 0 I 1 0
q = | dg A=E B=E c=[P o],
a—q - Speeds g 3_6] [S 0‘ [V‘ [ ]
ot at 1112 x 1]
m Extension of the states m Calculation of state space matrices
o0& - R 10 0 0 —(Is+z) 0 xi
— = A¢ + Buo, 01 0 (s+2) 0 0 Vi R
ot P(x=1 00 0 (Is=z) 0 =% =P (2) [Eﬂ
- 7 01 0 —(Is—2z2) 0 0 Vs r
pP= C§, 0 0 1 0 0 0 z
m State space equations m Position sensor model

m Position sensor model - relates sensor measurements with COG coordinates (states) of the mechanical model
m Different quantities in the model (positions, angles, forces) - normalization

ETH:zlrich Er=
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Normalization

m Normalization is important for the implementation & debugging - values get to the similar level, [-1,1]
m  Absolute values before normalization > different nature (electrical, mechanical) and value range

z -1Z 10 = -1= 5 = -12 5
=D’ €RY, ipu =D,'0 € R, ppu:Dplp e R,

_ xnmx
Omax = atan

m MIMO normalization Iy

Dq 0 i _ 4lB meax Omax
D: = , max —

agpu - - dlag (xmax J/max Zmax amax ﬁmax) E]
at pu é’pu + BpuUpu - dlag (xmax ymax Zmax dmax ﬁmax) s

. 4ﬁ3max Xmax

- C = dlag (ﬁ3max ﬁ3max f]‘Smax ﬁSmax 2fDmaX) s xmax — -

= m
ppu pu gpu Dp - dlag (xde ymax xmax ymax zde) .
m Normalized state-space equations m Normalization matrices diagonal m Choice of normalization values

m Choice of the normalization (base) values = based on physical limits of the actuator
m Normalized state-space equations used for the system analysis and the controller design

. . SPEC
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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

Symbol  Mode  Eigenvalue ~ ) T
a2 & DA30%mads Ciifs) = C, - (sT— A)-1 - B A(G(s)) 2 G(s) x (G(s) )
A3z, Y +218.92rads™! Tigh\?) T e T AR T ]
AS? z +0.9803 rad s ! RGA-number(G(s)) = [|A(G(s)) — Ipairllsum
A7 g e +157.53rads ™1 50
Ao 10 I5) +157.53rads™! = R
. . = 4.0
m Eigenvalues of the matrix A —05 |
g 3.0
5 -
Z 2.0
< =
o 1.0
w( - 2 X nlaX (IA{I2?314.5\6’78\9110-}|) m O O B L L IIIIIII L Ll IIIIII L Ll IIIIII 1 L L L LLll |‘lf\.|,lllll 1! L L LLLl
— p —1 . "
=2x218.92rads 0.01 0.1 1 le+01  1e+02 1e+03 le+04
_ —1
= 436rads™". Frequency (rad/s)
m Minimum closed-loop bandwidth of the m RGA number

position controller

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

ETH:zlrich Er=
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Simple Bandwidth Requirement Assessment

m Closed-loop bandwidth requirement - can be imposed by the disturbances
m  Disturbance parameters of the LiRA with MBs > m - mass; K - attraction/pull constant

Fpull,x — Gp(s) > x Fpull,y — Gp(s) > ¥
Fpul],x =X Kpulla Fpul],y =y Kpull Kpull = 8330N/m
pu, . m = 0.360kg
wBwW > @p, p such that ||GD (]wD)” =1
2 N
ay = p” Fy, ay= p” F, G[p)u(s) _ x(s)/x 2 Kpun

Fo(s) /B ms?
_{xs),y(s) 2

GoL(s) = =
Fix.y) (s ns2 2K, 2K
x.y)(5) ! wp = /Tpull oW > JTF’““ ~ 220rad /s

m Simplified equation of motion m Bandwidth imposed by disturbance

m Position controller wgyw = 2wp = 440 rad/s = current controller bandwidth > 5 - 440 = 2200 rad/s
m Current controller bandwidth - determines the stiffness capability of the MBs

ETH:zurich i
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Controller Design

MIMO and SISO Controllers
— Measurement Results _—
Tilting Control Example

_BPI1 BP2
. yR .
LR
: ‘ - / K“m

""" P

. . SPEC
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MIMO Controller

m Cascaded Control Structure m Position Controller Structure ($,ugpu € R1%)
oy 0 6 v u
e Outer Loop: Position Control (BW: 60Hz) S 4:IbFF‘ip R
e Inner Loop: Current Control (BW: 470 Hz) ( e lization
=, € K, TFB,pu ﬂ\ Upu ‘ U | Convert to I:kl
f.augl,‘pu iZ:_ regulator \E/ ‘D” dq currents
Inner Control Loop r— [g* )
o * nverter BU} o 5 sS V0,pu
&) Position [dg Current Udq|dg /| Uabe ’ 05 Sagpu 2 F’- I
Controller Controller e 3
‘ * A gpu Kf
¢(,0 5 0 observer Ppu
qu dq Iabc ‘ gp.])u e
> F—"Ppu
abc
_ Lo m Current Controller Structure (I3, € R***)
& State 0
Outer Control Loop EStima,tO'(' U’Oq,ind = }(Illdz
: Unc/2
°g 0 ° :‘( . d Ua. DC da DC
e Position Controller Tuning: LQG e Coi;illﬂ_q 1 b
e (MALTA - Magnetically Levitated Tubular Actuator) - — e
I(]q dq I;Lb(:
abc

. . SPEC
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SISO Controller (1)

m Separated winding example
m xy bearing winding

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

ETH:zUurich
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dq l—— ig
4 d
T 1]3
SR ABC [—it=—ii —if
Y d
—0 Fhe
¥ |
- +. Ud dq T I3
ii=0—$0—{ P1 | i = 4
‘ = + Us, = o diy { ] i N
! . ] ”
4 —wlLiq s, T; * I d% & . g
d T )
ul Use 0.5 | dd, | id
Er i u > _J,—» 1
z 1 PID == at PI + q | ( f /
- - + ABC _
z K i Liy—wl Drive
L 4 whitd —w Inverter
_____ Linear Drive Control .
Bearing Control o
de
e
|
- 1 Y= xydq TE3
~o-to{(71] :
= - wa [ W || {44 1= o :
ixq wLixa un |l ds 55 e |o
b b i N X,
ubo | Uk 05[] dec | B .
Fr i / .
# 30 PID |0 p1 Ho-= A
T Kg ixd —wlL ‘i:xq
F; I‘i' Uy,
. y yd $~ Uyd 388 |y
v4r-—'-—trl>?—'_ [PID}—s-20{ PI | a g | | {441BK :
. B BTOTR 7 L .
Y Iyd —wh iyq HEB o 45 > i;B’ Syy
uyC__ de 0.5 dyc N tyo, & ]
. +- Uyg o
iy =0 ;-? ’- 1? "|/abcaBC A
i whivg Inverter
va ¥ 0 (6 half-bridges) ™/Tp
i ;b wld =
» xydq 4_1;1; .-L # Z g
¢ IxB L g
Measured Quantities w4 le— b0 = —ily —ilp <z é
b 2
6 Currents yd— [ iya y | =
3 Positions e b 3 Z
¥d -I};B _ b b A
abcABC [* lyc= —lyA — B
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SISO Controller (2)

m Superimpose control signals
m 3 three-phase systems in linear dir.

ETH:zUurich

Combined winding example
abcABC winding

dq Me— i} = (dan + a +ica)/3
ig<—i a ) o
le—— iy = (iaB + ipg +icB)/3
Ty ] -d d .
‘ABC [ ic=—ts —ip
A
-
Y

Bearing Control

. +.. Uxg
G =0-Eg{ P Hpmer
Txq whiizq
F; iy u,
+ dt + - Usd
T xd —wl ixq

Kg
l

y'w_ P; 1;“_ 1 tyd

y Tyd —whiyq
- +~ Yya
ot Hge-
¥q — +
lyq wl, iyd
Vacd —]
Measured Quantities g
6 Currents ;
3 Positions yd<+—rl
lyg ]

1
upa ups [ dpa {{d |ina .
upp we | ¥ X [las B -
uby | Ui 05[] e o
bC UbC bC he T
g 1] e
p— TI1
uly ued [ des Jdd fea -_®
o gyl ua [T [l 1=
ube uee | Uae 05| dec ieC ‘
abcABC £ Iz NN, | =
t— 0
Inverter
xydq fe—iP, =i n —id (9 half-bridges)

iy = i.p — i
e = —i.a —i.n — &
by = ina — 3
by = ibg — if
—ibe = —ina —ipp — it
be—— Py =ica — i
e iPp = icm —if

b . - d
abcABC ¢ lcc = —leA — 1B —Ig

/T

sition Sensor
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MIMO - Measurement Results

m Axial Reference Tracking
e Axial Position and Force

Stroke: 10 mm

Max. Pos. Error: 0.5 mm

= 5

é ——?—— ref

g O 4y meeaa sim

’E —— meas

g )

[a T ] ]
(a) 0 20 40 60 80 100

-~ 1

50 —

%-0.5¢

o

L 1 1
(b) 60 80 100

Tm Uz

= I S e sim

‘l—’ — meas 7]

E.

S -

L

-

Max. Speed: 0.6 m/s

Axial Force:

Time (ms)

+15N

[ ]
=)
2
2
i
Q
o,
(2)
=
=
=
i
Q
(o}
(b)
—_
Z
=
Q
o]
—
o°
o
()
z
]
3]
—
is)
&3
(d)

Radial Position and Force

30
r Y1 .
156 meefeseebeas sim
el meas
Oeu'-e-__'_‘"_‘_“-_.__T_Z:t:j:;:é__:;_,,.,_,,.,..._ — —
-15¢ F=
-30 20 10 60 30 100
30
2 Y2 i
158+ memmesemeeaa sim
e i meas
] - SE—
_ 1 5 L
-303 50 10 &0 80100
3
2 %ﬁ"‘* VgL A i PR A i g i B
187 feB1 fymB1 |
............ "
0 meas
P Vg e Sy S——————
15 50 0 &0 30 100
3 Ix B2 i v,B2
) e
i ————) mes °
1 771.—1""1-/1 Vi Y \,\‘~fﬂ‘n\;\5ﬂ'—h‘*t’ﬂ““€ w\-\if\"-\'—"—v*‘ —“'\M'W\N_"'E
0 ;:_‘A;_-m;\;,;ﬂ*‘“{‘-“‘;;: g T O P AR g
15 50 0 60 %0 100
Time (ms)
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Max. Radial
Position Oscillation (1.5%):
+15 um

Mechanical Air Gap
+1000 pm

Y-direction
Compensates
Gravity Force:

3.25N
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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

1 (pm)
(e

)2 (pm)
e

-1 -1
X X
_2—2 -1 0 1 2 _2—2 -1 0 1 2
1 (nm) o (pm)
Mean Mean

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

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

STD STD

std(x;) = 0.3883 um std(x,) = 0.4827 um
std(x;) = 0.5579 um std(x,) = 0.4956 um

ETH:zUurich
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m Mover Tilting Control

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

Thermal Mover
Expansions Tilting )
iy (2, y2)
Module 2
Module 1
(z1,1)
e Tilting Experimental Verification:
. Module 1 Module 2
200 o 200}
g .// \ g < 4pm
2 o 4 = 0
i \ / | )
-200 T -200¢
-200 0 200 -200 0 200
1 (pm) z2 (um)
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SISO - Measurement Results
m Oscillatory Operation

05 0.1 2 0.5
f‘ﬂ\ /'_\ f fﬁ\ /}M\
. / =
i U-/ \/ \/ / \ / 10—
3 \ \g \/ \// =
-20 ‘ : ‘ : : -2
(b) 0 0.05 0.1 0.15 0.2 025 0.3
=10 ‘ I S
; | Y fl‘ %' \ IJ -"L ,-‘H‘ I‘I
 opp LAY “'». i \ Vi
a o/ (A L
“o10 :
(©) 0 0.05 0.1 0.15 0.2 0.25 0.3
2 T 0.4
P 0.2
= -
= U X 40 =
=, e LN SO0t Yot bt cnee T =
= 102
9 | ! | | | 0.4
(d) 0 0.05 0.1 0.15 0.2 0.25 0.3
2 ‘ ' ; 0
i%waw%mw&mmm%m E_}'_J;
Z T4
= U 0 =
= 02
9 ‘ ‘ ‘ - - 0.
(e) 0 0.05 0.1 0.15 0.2 0.25 0.3] *
Time (s)

ETH:zUurich

Stroke: 10 mm
Frequency: 17 Hz

Force: < [+20| N

Radial Position:
< |£10] pm

m Axial Sub-plant Bode Plot

an
61/178 __ Wil

e Blue: Analytically Derived Transfer Function
e Red: Experimentally Verified Points: f, = {1,3,5, ...,19,21} Hz

Magnitude (dB)

Phase (°)

-180

102 10°

Frequency (rads™1)

e Demonstration of the Real Life Operation -

SPEC
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Linear Bearingless Actuator
m Video (10 Hz, 1 Hz)
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Generalized Complex Space Vector Modelling

Sdg

& Edq
= XReerszt
\§ '\R(]q
WRrt
R
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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

ia = iR . COS(th + (Pl)
iy = Ig - cos(wgt + @; — 2m/3)
i. = I - cos(wgt + @; + 2m/3)

ETH:zUurich

) Ldq

(\\Td v ipx IWRE
a xr = Xre'*e
Y §qu
Wrt

R a=

2

x=3

x € {u,i,y}

V¥ Space vector

0i(27/3)

xa
[1 a a7 [xb]
Xc

64/ 178 _I%l

m Rotary Machine: Torque

V¥V Stator: 6 concentrated coils

V Stator: 3 concentrated coils

V¥ PM Rotor: Nyp g = 4

North
PM Pole

T,
m Linear Machine: Thrust Force

=§Npp,R'q’R'iq

V¥ PM Rotor: 4 poles

North
PM Pole

South
, - PM Pole

Southern Power Electronics Conference
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Laboratory

Generic Complex Space Vector Modeling (2)
m Rotary Machine: Bearing Force a Displaced Rotor > dd_‘T;R _ %}R = XpmR

Vv Bearing Force Generation e Flux linkage radial sensitivity

V Torque Generation

-a | VUTY

m Rotor in Center - No Flux Linkage
Model: two coils in anti-series connection
V Three Phase Flux Linkage
y .
Y, = XpmpR * [x . cos(th + ¢¢) -y sm(a)Rt + ¢¢)]
Yy = XpmpR * [x . cos(a)Rt + ¢y — 27r/3) -y~ sin(a)Rt + ¢y — 27r/3)]
Ve = Xpmp * |X - cos(wrt + @y, + 21/3) — y - sin(wrt + @y, + 21/3)]

V¥ Space Vector , '
Y= Xpmr - (x+i-y)- "0 et oRt
o J

Y
Yaq = Xpmpr - (X +i-y)-e"?v 3 . 3 .
FXZE'Xpm,R'ld FyZE'Xpm,R'lq

SPEC
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Generic Complex Space Vector Modeling (3)

m Linear-Rotary Machine m Double Complex Space Vector
: = Ko - el®x . pJbx . gl wrt , plrwit
V¥ Stator: 18 concentrated coils V¥ PM Rotor: Nyp g = 4 x (" RL err-e "J e e
Y
South ~ o 0 . _ o w
North _~PM Pole Xaq = Xry, €% e/ % = xqq + 1+ Xqa +J - Xaq + 1" J Xqq P

PM Pole .

V Flux linkage (¢, = 0 and 6y, = 0)

T @ \ 1 _
\ Yaq = Yaa = Pre
\gvz ~ p -

m Torque and Linear Force

Source: Jin et al., 2012

¥ Phase quantity

Xaa = Xgy, - cos(wgrt + @) - cos(wi,t + 6,) Xre € {Urp, fre, Pro} 9 9 _

Tz=ZNpp.R"PRL'iqd Fz:?pp'lpRL"dq

¥ Double space vector transformation

X X X 1
4 aA aB aC . H
£ A 6 [1 g g2] [be be be] lé é S {gy éy %} | Bearlng Force
- Xea  XcB  Xccl [b? e Rotary phase rescheduling needed
9 9 ,
a = eiCn/3) b = ei@n/3) F, = 2 XomRL® igq Fy = 2 XpmRL " lqd
A Rotary i complex plane A Linear j complex plane

SPEC
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Generic Complex Space Vector Modeling (4)

m Linear Force Generation
e Simpler than full linear-rotary machine

V¥V Stator: 9 concentrated coils V¥ PM Mover

Bpm
Iron
R "
e South
PM Pole
@
\%v North
’ PM Pole
_ or _
quzl{JM Fz:—-lPM.lq
Tpp

ETH:zUurich
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m Bearing Force Generation
e Linear-rotary machine with wg = 0

V Flux linkage

Y= dpmm - (x+i0y) e bv- el gl XpmM = "3~ =

( J
Y

Yaq = Xompa - (x +1-y) - el00 - SO

FXZZ'Xpm,M'idd Fy:Z'Xpm,M'lqd

SPEC
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Double Stator LiRA

Stator Arrangement
_ Cooling of Inner Stator  —
Geometry Optimization

E’H Z Ur [ C h Spﬁ SSOEhE‘nC Po\zueor ge%tronics Conference
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Double Stator (DS) LiRA Realization Options

m Stator Arrangement
e Quter - Linear, Inner > Rotary

r Z
\/‘ff/‘

Fio

Fiyp

e Outer - Rotary, Inner - Linear

Fio r

m Mover Types

With and Without Back Iron

&

A CM

Axial Acceleration

ETHzurich

A DM

69/ 178 _I%l

A SM

k?"j TFbl Tsz I/ ) Sy h
Mover Ty T.o P Torquel‘ o / i Circum.
[ ) =7 | | |Acceleration
(U U N A A |
RN

W Southern Power Electronics Conference
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Cooling of the Inner Stator

m Heat Flow Conduction Paths m Reduction of Axial Thermal Conductivity
e Quter Stator: Radial Heat Flow e Iron Core Thermal Conductivity: ~20 W/(mK)
e Inner Stator: Axial Heat Flow e Copper Pipe Thermal Conductivity: ~400 W/(mK)

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

To = 40°C (*C)
Te12 Teq 100
e Winding Temperature: T.,, > Ty 80
e Unequal Temperature Distribution due to
Axial Heat Flow and Thermal Resistance i
40

e Optimization Between ‘Magnetic’ and ‘Thermal’ Material

ETH:zurich B SPEC 2022
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Analytic Thermal Model

m Inner Linear Stator
e Hot Spot Temperature: 7.,, < 120°C

R’Lh,amb
Rt,h,ep
Rth.cu2
R‘Lh,cul
2
Poyin/12 L L
Cu’lm\/ Rinc1
|”_6"/ T, ——
cl | |
P . Rih fe1 Rincut
| cu,lln/ Rth,cl T T
s
" Te
b i Rin fe1 Rih cut
Cu’lm\l/ Rinc1
|”—(—“y-lr I
- cll
» i Rin fe1 Rih cut
Cu’lm\/ Rinc1
WoUE—S
Te12

ETHzurich

Rth,tzr:ﬂ!

Rth,tqu

Tarnb
Rth,a,mb
B Rth,cp
_IRt.h,cuZ
Rin ge2
_Rt.h.cu].
Tcl | 2
Teo Rthz,fc].
Tes
Tc4
TCU
TCG
1rc‘T’
TCS
Teo
Te10
Tcll ‘R
o T4ith,cul
1rcl?
Riner  Rinfer

m Outer Rotary Stators

71/178 _I@l

e Hot Spot Temperature: T, _¢ < 120°C

Rth,casel Rth,case2 Rth,ep Rth7amb
* 1 * * I |_._| I_._I |_.
Tx Tep Tamb
Rth,exl Rth,exl Rth,exl Rth,exl
Rin,wi Rinwi Rin w1 Rinwi
oo e eo e

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

Tep Rth ,amb
Tamb

2Pcu,rnh R I
th,rot
IH)——
Twi-6
Ryy
T h,ep
x |

Pcu,lin

|| Rinin
| C Ter2

“w”  Southern Power Electronics Conference
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DS LiRA Geometry Optimization

Parametrize Geometry
Outer Dimensions Fixed: L = 100 mm,D = 100 mm
Air Gaps: 1, = 0.7 mm

Copper Pipe Hole: D}, = 8 mm (Sensor Cables)
Max. Winding Temp.: 120°C

Models:
-Magnetic: 2D-FEM
-Thermal: Analytic Lumped Parameter Circuit Network -

ETHzurich

72/ 178 _1%

m Automatized Optimization Procedure
e Discrete Design Space

Loop through design space

Discrete design space

(kin,out: kcu-fe,rot: kcu-fe,]in: Tm; Tpm, 'rpipe)

TW ,max Ta.mb

, ¥ v
Calculate admissible copper losses

f(TW:' Tamb: Rth,...)

Pcu,rotg Pcu,lin =

—
r

Current stress for 2D FEM

Nrotfrot :.\/§ \/Pcu,rot/(GRrot) FaCtOi' Oi(‘l.
A overloa

jvlinIlin =2 V2-\/Pey tin/(6Riin) capability

Solve 2D FEM Solve 2D FEM
- f(frot,geometry) B — f(flin, geometry)
- |

spec SPEC 2022
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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 Outer stator: < 2.1 T, Inner Stator: < 1.4 T, Mover: < 2.1 T
7 T T T T
L] N 7
E Ty, "0, O/
aﬁ I ® e g : 6
e " te, LS : g 5 B [teslal
é . b . ¢ o
L o
= . 1. 7648
‘ 3 Chosen Design: 1. 6300
5.3 krad/s? , e
4 2 123.5 m/s? = L
Axial Acceleration (m/s?) 6.24 Nm - 0.1
7 r T T 130 181.5N rf".\v 2. 8301
BTN o o
_ Da i,y 120 - i
g 1 ° e° ' 'tf 9. 8001
Z 6f . ® oy : 1 A
“ . e . L] $ 110 f'"f
'&1 L] N @ 5
- i 100 o
2 ' e
90
0 50 100 (mm)
4 ; ' ' ; 80
100 120 140 160 180 200 Py Hardware Prototype 9

Linear Force -F. (N)
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DS LiRA Prototype

m 3D CAD Model
o ‘Exploded View’ of the Outer Rotary and Inner Linear Stator

cable glands —— .
3 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 Quter Stator: 12 X Concentrated Windings,
2 X Rotary/Radial Pos. Sensor PCBs,
1 X Power Connection PCB

ETHzurich

m Prototype Realization

e (Quter Rotary Stator e Inner
Stator

e DSLiRA

spec SPEC 2022
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18-Phase Inverter Supply

m Schematic m Hardware Realization
e [C Output Filter with Parallel RC Damping

DC-Link UART
_T_ J_ 400V \ d
th Ca /2 | X 18 i Position
i 0/2__ ~— Sensor
T 2Rd - Interface
L T N
400V "—-—h > —— k h Auxiliary
I. l — $ Three-Phase =% 12V Supply
11, sz Tout Power Interface ™
0/2__ Vout Semiconductor |
pr— ou \ \
J:j CeraLink DC-Link
M Cd / 2—l— Capacitors
o Heatsink ] Fans

e Power Semiconductors: 600 V, 70 m(), CoolGaN — MOSFET hillllltcet[m‘ ‘

e Inductor: L = 80uH,N87,RM12,23 Turns, 71um Strand

e (Capacitance: C = 4.8uF for THD oyt = 1%

e Heatsink Design: CSPI = 12 W/(Kdm?) Electrolytic

DC-Link Capacitors

. . SPEC
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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
101 (i1, , -
iL2 iLi,: Tdg_fiLra RGN G Fi1
L4 iLb,a ~ o KKK
ILE iLbb 99, |Lbd | g Il | Ty
iL6 ij,c !Lbyg t;r _‘*NS _Lgr '-*:Sg: Y1 + m + Fy1
f - al
Vel Ver,a T - —1 [Vswr,a Vswl dx
Vc2 Ver,b dg zcr’d zswr’d ﬂ. Uswr,b Vsw2 da U mg/2
Ves W_l Ver,c Yer,g SWI,q Vswr,e W |Usw3 da :175 4 FE2
Uc4 Vch,a _ —1 |Uswb,a vswa | |d4 m
Ve veb,b_—da,_ |Yeb,d vswh,d Tag Vswb,b Vsw5 ds
UVch \’Ucb,c f—’cb,q Uswb,q Uswh,c Vsw6 de : &Ly
- u3 + 4 Fy2
(51 'ir,a. T ~ . m
io irp —99 |ird Bearing Controller
i3 W1 Jire ra g Ys mg/zF
4 ibh,a - 2* + i+ 2
. o < ﬂ?—'-—'?—' [PID—~©)
15 q |?b,d . _
o sz ib,g o & Linear Controller *
C I J Foog
* T ?LF‘ CO;
o™ + .PID + T,
Rotary Controller '* +¥
g -1
:g qu [‘id Vsw,d qu ::Zz‘g . ig « Jéx
C ‘q g ”U’sw:C dc
o seec SPEC 2022
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DS LiRA Measurement Results

m Rotary Step

200 R e e e e L B L 471959
o ,'/
2100 / B ]
£ " ]
0 —_//4I_ 150 1 1 1 |
0 0.1 0.2 0.3 0.4 0.5
Time (s)
7 AN _
R -
5+ "“-\r."' 1 g
0 0.1 0.2 0.3 0.4 0.5
Time (s)
800 : ‘ :
£ 600} ™ ]
B / e ]
— 400f :
@ | \ i
£ 200 o\ ]
n 0 4 \___ 1
0 o1 oz 0.3 04 0.5
Time (s)
2 :
=) il —1.26 :
e . T
Y 0 e “‘l e S P .
& 14
;:* llJr.‘ Veo1.26
-9
“0 0.1 0.2 0.3 04 0.5
Time (s)

Stroke: 180 °

Error: < [+5] °

Max. Speed: ~700 rpm

Torque Limit; +£1.26 Nm

m Rotary Step: Radial Positions

77/178 _I%l

—_ '
E‘u 50 '-11 i o w ]
= VoY ‘ J' T 1 X1 = 0
2 M| *
£ -50F ] y1 =0
1 L L L * __
0 0.1 0.2 03 04 0.5 x; =0
Time (s) ¥, =0
_ 50_ T T T T T T _':ri!' T E
ER nﬂ B ] Deviations: +50 um
) i i
5 O__..,.,..,_..._.PUI ||e|‘|[||| hful M‘“Mﬁ"\ﬂ"—"’”ﬁv‘“"""‘ ]
= Y | 1
7 Jifn r
2 50f JJ ]
0 01 0.2 0.3 0.4 0.5
Time (s)
= 201 ||| H\%
8 vaw,-{|‘.{,9._._ ]
[_g I fr1 ]
20} fo1 ]
0 0.1 0.2 03 0.4 0.5
Time (s)
— 20 | I fX2 b
E | r“ { Jy2 i
t 0 W“V"]ﬂ_'l" ‘M':‘"’ [ S RSP -
"
20} ]
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DS LiRA Measurement Results

m Video

m . . h SPEC
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Part 1 Summary

m Linear Bearingless Actuator

o Integration of Magnetic Bearings into a Linear Actuator
e Radial Position and Tilting Control in Micro Meter Range
e High-Precision/Purity/Dynamic Linear Motor Applications

m Linear-Rotary Bearingless Actuator

Coupling of Rotation, Linear Motion, Magnetic Bearings

Automatized Semi-Numerical Optimization Procedure

High-Precision/Purity Applications

SPEC

79/178 _I%l
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Part 2
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Outline

Part 2

» Introduction

» Application: Blood Pumps
» Sensors for SB-LiRAs
» Design Example: the ShuttlePump

» Outlook

SPEC
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Blood Pumps

Motivation
Types and Applications
Existing Systems

. . SPEq
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Heart Failure

> 26 million people worldwide, expected to increase with aging of population
Congenital heart defects: = 1% of newborns - complications

DYING FROM CARDIOVASCULAR DISEASE (EU)

8 MILLION

lar Disease deaths per year

5000

Disease deaths per day

Why does heart failure matter?
--, \(jOI"i"n'

Heart failure is the biggest 1in § adults are at risk
cause of hospitalisati of developing heart
failure over their lifetime

At least

15 million

adults live with heart
failure in Europe

M

in those over 66 years old

&
Of those hospitalised with HF: @

=1in 4 will be readmitted to Only 3% of Europeans:
hogpital within one month  can idemtify the symptoms
> 1in 3 will die within 1 year of heart failure

Very few govemments
hawe national plans for
heart failure

36% cardiovascular
Disease

26% cancer

A\

o2
A~
)o

A

Q

8% Respiratory

2% Diabetes

Source: ehnheart.com

Heart disease in Europe
Number one killer of women in 5 1
European countries
Number one killer of men in
European countries 4 1
4,002,632

total deaths -

Heart disease causes 45% of deaths in the
WHO's European region

It kills 40 in 100 men and 49 in 100 women

Source: hfpolicynetwork.org

Source: ox.ac.uk

m Heart transplantation: not enough donors - = 20% of patients dies on the waiting list
m  Urgent need for short- and long-term solutions = Mechanical Circulatory Supports (MCSs)

SPEC
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Heart Failure - Mechanical Circulatory Support (MCS)

m  Short-term (acute) - e.g. Extra-Corporeal Membrane Oxygenation (ECMO)
m  Long-term (chronic) = e.g. Ventricular Assist Devices (VADs) or Total Artificial Hearts (TAH)

ECMO TandemHeart LVAD TAH

Source: jacobmedicaladvisors.com

Source: Werdan et al., 2014

m Either case: keep blood circulating - Mechanical Circulatory Support (MCS), i.e. a blood pump

ETH:zurich i
Z U r [ C W Southern Power Electronics Conference
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Blood Pumps - A Taxonomy

Pulsatile / Continuous Flow | Axial Flow / Centrifugal | Extra-Corporeal / Implantable

m Common requirements: gentle blood handling (low hemolysis) | small volume
- seec SPEC 2022
m z ur [ Ch ' Southern Power Electronics Conference
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Blood Pumps — Pulsatile vs Continuous Flow

Pulsatile / “1st gen” / Positive displacement = Physiological, pneumatically or electrically driven

|
m  Example: BerlinHeart EXCOR’ | VAD (L/R/Bi), Paracorporeal
\?
1§ h
{ AR
Yy
i
==l
Q 9
|
Q Berlin Heart®
m Larger / heavier / valves needed / external driving units

SPEC
Southern Power Electronics Conference
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Blood Pumps — Pulsatile vs Continuous Flow

m  Continuous / “2nd gen” / Rotary Blood Pumps (RBPs) —> electrically driven | efficient | compact
m  Example: Abbott HeartMate II | LVAD, Implantable

g = O now part of a
Advanced Continuous Flow Technology e

Abbott

m Can be realized with just one moving part / no need for valves > reliability, durability

m . . h SPEC
Z Ur { C W Southern Power Electronics Conference
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Blood Pumps - Axial Flow vs Centrifugal Flow

m  Continuous Flow Rotary Blood Pumps: two options
m Centrifugal flow = can integrate non-contact bearing options

Blood flow from

left ventricle

¢

Blood flow Outlet stator Blood
and diffuser flow from
| left ventricle

Inlet stator and

to aorta
i ;
1 " i i I lood-flow
’ i straightener
¥ ="
»

?utﬂow graft Percutaneous

drive line

Diaphragm

Left
ventricle \ ui ’
. /

Centrifugal-flow
pump designed for
intrapericardial

Percutaneous

drive line |
Percutaneous placement
\ drive line connects to Magnetic
f - _— external battery pack ;
Diaphragm e ok control)l(er: Blood flow to aorta hydrodynamically
2 levitated impeller

Percutaneous Axial-flow pump

drive line connects to designed for .

external battery pack intraabdominal Source: Rerrs etal, 2017
and controller placement

o SPEC 2022
E’H Z Ur [ C h o Southern Power Electronics Conference
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Blood Pumps - Axial Flow vs Centrifugal Flow

m  Centrifugal flow / “2nd gen” / Rotary Blood Pumps (RBPs)
m  Example: Medtronic HeartWare HVAD | LVAD, Implantable

Pump housing

Blood

Impeller

HeartWare

Medtronic

m Hybrid passive magnetic + hydrodynamic bearing

E’H Z Ur [ C h Spﬁ SSOEhE‘nC Po\zueor ge%tronics Conference
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Blood Pumps — Magnetically Levitated

4

m  Centrifugal flow / “3nd gen” / Rotary Blood Pumps (RBPs) with Magnetic Bearings
m  Example: Abbott HeartMate 3 | LVAD, Implantable

Full MaglLev Flow Hydrodynamic
Technology Pump Bearing Pump
Large consistent Marrow blood flow
blood flow pathways to pathways

reduce shear stress

167

STACKED RED
BLOOD CELLS?

STACKED RED
BLOOD CELLS?

HEARTMATE 3 LVAD

WITH FULL MAGLEV FLOW TECHNOLOGY Source: cardiovascular.abbott

m Most advanced LVAD - direction for future systems

E’H Z Ur [ C h Spﬁ SS::LI:hEnCPﬁg ge%tronics Conference
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Total Artificial Hearts (TAH)

m Bi-ventricular failure > more compact wrt 2 x VADs

91/178 _I%l

m  Same pump types as for LVADs | Not as mature, research and development needed

SynCardia
(FDA appr.)

Pulsatile pumps

Carmat

ReinHeart

Rotary pumps

OregonHeart BiVACOR

+ Physiological, pulsatile flow

- Valves can promote thrombus formation

- Flexible membranes and valves can be risk
prone to device failure

- SynCardia has excorporal pneumatic driving
unit (not fully implantable)

+ High durability: one moving part, no
valves

- High shear stresses because of
spinning rotor

- No or limited pulsatile flow

Source: IB' HInnovations

SPEC
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Total Artificial Hearts (TAH)

m  Other research directions: entirely-soft 3D-printed TAH (silicone) | Developed @ ETH Zurich
m  Only lasts for = 3000 beats (45 mins) = feasibility / more research needed

“ Universitat v
Ziirich™ ETH:zirich

----------

nnnnnnnnnn
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Extra-Corporeal Blood Pumps

m  Short-term treatment: extra-corporeal circulation | bridging strategy | e.g. COVID patients
m  Example: Abbott CentriMag ECMO | Rotary / Continuous Flow / Centrifugal

Console

Flow probe

Low device-related

CENTRIMAG oo g =]

ACUTE CIRCULATORY SUPPORT SYSTEM WITH L i secsbosia? 57
FULL MAGLEV FLOW TECHNOLOGY 4 -
{V;

Abbott

Source: cardiovascular.abbott

ETH:zlrich Er=

an
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Southern Power Electronics Conference



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

Sensor Systems for SB-LiRAs

Sensor Types
Non-contact Sensors
Use in SB-LiRAs

. . SPEq
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Sensors for SB-LiRAs, what to measure?

m  High precision requirements - Feedback control - Need precise measurements

m Linear, Rotary, Radial position/displacement sensors "

Source: linmot.com

Micro-
Processor
Control

Source: Schweitzer, 2009
Source: keba.com

m Especially important / demanding to enable MBs!

ETH:zurich i
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Position/Displacement Sensors — Non-contact

ETH:zUurich

MBs > Non-contact sensors / large bandwidth (up to 1 kHz) / high precision (sub-pum range)

Different options / operating principles

Target
pr= P Elect
— robe Electrode .
i 15
E 5,__‘;_3;\_,&_; o
— 4 4
.
; j Gaurd Electrode / :
Source: micro-epsilon.de v

.. Source: Fleming et al, 2013
Capacitive

T A=
L Dy
: :: Magnet
P B
- 23
““““ ———=" Detectable area Magnetic fl
(o [AR AR
[N
|
KLy o\ X

Magnetic

Conducting Target
Magnetic Field

Coil

Probe Body

Source: micro-epsilon.de

Eddy Current

3D surface  continuous wave phase shift

/v «—
e ]
e
VAV

Optical

Optical linear encoder (Transmissive type)

Capacitive: grounded target | Optical: no objects between sensor and target

—> Mostly suited: Magnetic and Eddy Current
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Hall-Effect Sensors

97/178 _I%l

m  Magnetic sensors, based on Hall effect | Hall element + conditioning circuit > DC output
m  Conveniently packaged as a single IC | Multiple elements (axes) possible in the same package

Source:
Melexis

3D-movement
e.g. top column module

Source: f""ALLEggQ

Linear measurement
e.g. control button e.g. gear stick

Angle measurement

m Bandwidth: typically = 10 kHz range | Resolution: can reach um = sensor location is crucial!

ETH:zUurich
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Hall-Effect Sensors

m  Typical use in Rotary Machines: 3 sensors, 120°¢ displaced, detect (electrical) rotor angle

m Can use analogously for Linear Machines | Alternative: 2 sensors, 90°¢ displaced (‘sin” and ‘cos’)

Hall-effect Sensors Output
Source: digikey.com
m Main drawbacks: depend on PMs magnetization (irreqular, aging, external fields!) / thermal drift
ETH:zurich
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Eddy Current Sensors (ECSs)

m  Coil with high-frequency AC voltage excitation + conductive target - eddy currents induced
m  Secondary field influences Z_;, (dep. on coupling factor!) - can measure distance § (rule of thumb: range = radius)

e [T /ﬁ(\

Zc,in (w, 5) —j Excitation
-

L

Zc,in(w, &)

M(w, 8)

O

Eddy Currents

Target
Ot fr,t dy

10°% 1072 107! 10° 10t 10? 10°
W/Weo

m Coil realization: typically spiral, one layer = low parasitic capacitance, higher SRF, can excite in MHz range
m High level of integration: PCB-embedded coils, also flexible

m . . h SPEC
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Eddy Current Sensors (ECSs)

m  ACexcitation, extract position information from impedance = sensor interface / post-processing circuit
m Extensive literature about ECS interfaces for high performance sensors. Examples:

AZ to AU AZ to Af

[«
_|_
>
|
L -
b3
+
=

ge B

normalized maximum output volta

A ¥ C ‘C
1
Uexc /\) 0 — 09 "\ ]
Ubr,out v > v A -
- + out F i ) : .
Ru Ru gly MU bbb Ly
Source: Zoethout, 2002
o ®

Uprout is AM-demodulated

m Sensor interface determines achievable sensitivity é resolution / bandwidth / (non-)linearity
m Integrated interface solutions are becoming available (e.g. LDC, Texas Instruments)

ETH:zlrich EES
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Eddy Current Sensor “Seeing Through Walls”

Point of strength of ECSs: can tolerate objects in the air gap = suited for harsh / dirty environments
Special application: ECS measuring through a conductive enclosure = high purity / sealed applications

A

Lol T d
1 < Excitation

@ Ze,in(w, 0) P 2 “
I ”

Os, Hr,s
Eddy Current Measured
Sensor (EC S) / Distance § Eddy Currents ds
\ Mover Shield
., _— Enclosure Eddy Currents )
Stator Target
Ot, Ur,t ds

Housing

0.0 T . . . ; 15 0.0 0.8 -
R Jopr fae 71410 0.6 Ferrite
—_— K, ! B . i 10 o2 g = : - ‘

—_— —§ =2mm ~3 sk §< E = E 20 = 04 |y _-_-), .,, Coil
5 1am 203 i = — i ik = . E . . = A Yoi
——§=0mm Jeomin Jopur. y S 5 -~ . . Shield

‘ i v -3.0 . — - oils
Shicld: Stainless Steel 0.2mm + // 0.2 Ihnage Coils
Target: Aluminum 0.5mm =4 f
210 i ! . = i 0 4.0 0 Target
10° 10° 10 10° 10° 10
Source: Giuffrida et al, 2022

Frequency [Hz]

m Possible in a specific frequency range defined by shield and target properties
m  Rule of thumb: make the enclosure thinner and/or of a less conductive material wrt the target
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Eddy Current Sensor “Seeing Through Walls”

102/178__ I%l

m  Realized hardware prototype: PCB coil + evaluation board / analysis and verification of thermal drift

|
> T
&y
™ '/‘ ) "\
S 2 -
- N
CHR
exe Ubr,out -
|;|Rbr
Lo

Realized Evaluation Board

ETH:zUurich

LPF — U;

LPF

to ADC

Im{ Ubr,out } [V]

Measurement circuit with quad. demod. = distinguish between distance § and temperature T variations

0.15

Jopt,comb = 335 kHz

Jopt,s = 794 kHz

01 005 0 005 01 015
Re{Ubr,out} [V]
Source: Giuffrida et al, 2022

11.5 mm
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LiRA with HBs: ShuttlePump

Machine Design
———  Sensor System _—
Built Prototype

. . SPEq
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ShuttlePump

m Implantable TAH based on a LiRA - opening/closing of inlets/outlets @5 Hz - valveless!
m  Pulsatile flow - physiological

RRRRRRRRRRRRRRRRRRRRR

: MEDIZINISCHE o
CHARITE @ UNIVERSITAT WIEN ETH:zurich
m Design of the LiRA Motor Drive System @ PES - under realization

- seec SPEC 2022
E’H Z U r [ C h ' Southern Power Electronics Conference
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ShuttlePump

m Linear Actuator: push blood in circulation > motion profile with force requirement
m  High power density (up to 10 W peak in 200 cm?)

to pulmonary artery to aorta
50 10
40 8
30 6
20 4 7
= £
Z 10 2 c
S s
; o O 0o =
right heart left heart 1 150 180 210 240 27% 300 330 360 S
chamber chamber & .10 2 =
3 S
-20 4 &
-30 -6
-40 -8
. -50 -10
from right from left "
. . Angular Position [deg]
atrium atrium

m Important constraints: 1) blood temperature increase < 2°C - minimize losses
2) overall device weight < 900 g, minimize piston weight
3) outer diameter < 70 mm

ETH:zurich B SPEC 2022
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ShuttlePump - Hydrodynamic Bearing

m  Rotary Actuator: continuous 3 mNm axial torque - establish journal HB
m  CFD simulations from Medical University of Vienna / HB design

302 100
. " 50um
adl |—60um
70 um
3 807 |—80um
<4 70| ——90 um
! 100 um
g 301 = 60} —110um
E;J_ = —120 um
5 R +—130 um
= 9 140 um
|_ 1
— Ay 150 um
I i 160 um
g MEDIZINISCHE % 170 um
300 QV @ UNIVERSITAT WIEN 20+ |—180 um
—190 um
10} { 200 um
W - load i — | —_—
e — eccentricity 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
¢ - clearance Eccentricity ratio
@ - attitude angle
£ — eccentricity ratio e/c m  Acceptable eccentricity ratio: 0.35 - 0.8

w — angular velocity
h = minimum film thickness

- m May be unstable if £ <0.35 0r £ > 0.8
7

Source: Khonsari et al., 2017

m Blood gap thickness: trade off radial load / blood heat-up = Suggested blood gap: 140 pm
ETHziirich ks
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ShuttlePump - Motor Concept

m  Permanent Magnet Synchronous Machine (PMSM): high power density, PMs embedded in the piston
m  Minimize drive unit’s complexity, i.e. number of phases / half bridges

-

- - ————-—
-
\
/

Source: Jin et al., 2012

——"

Steel yoke

~

Restrictor

v}
ctized PM ZJ @

m  Requirements for LA and RA highly differ > “Independent” machine design of LA and RA, 3 + 3 ph.
- maximum lateral surface for LA

ETH:zlrich Er=

Source: Ling et al., 2018
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ShuttlePump - LA Design

m  Tubular Linear Actuator (TLA), simplest possible stator / mover designs (1 pole pair)

Distributed Winding Concentrated Winding

Slotted
o IIIIIIIIIIIII IIIIIIIIIIIII e

Slotless

» Radial Magnetization: Surface PM “ -

» Axial Magnetization: Interior PM

m Stator: if slotted > minimum air gap, higher flux density, less current needed > less losses
m Mover: both radial and axial magnetization possible, manufacturability

E’H Z Ur [ C h Spﬁ SsotI:hE-nCPo%EE ge%tronics Conference
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ShuttlePump - LA Design

m  Parameterization + Optimization with Finite Element Methods (FEM) simulations \nsys ((( )))
m  For fixed output axial force (43 N), objectives: least losses | least weight

: |_act |
th_Fe L act Actuator length
th_Fe Stator back iron thickness
th_Cu th_Cu Copper layer thickness
: . k_FeCu  Ratioiron/copper per slot pitch (0 — slotless)
th.PM | th_PM Permanent Magnet thickness
th_bi th_bi Mover back iron thickness
Force Plot 1 LinearStator_PoleShoe_| Curve Info

50.00 —— F_moverForce z
] Setup1 : LastAdaptive
Im=0"

40.00 —— F_moverForce 2
4 Setup1 : LastAdaptive
E ] Im=386.4"
3 3000

B ltosia)
2.

d ]
g 2000
[ ]
% 4
2 10.00
Ml ]

000 T — T — |

BelifRifaanneisid &

-10.00 T T T T T T T
-0.008 -0.006 -0.004 -0.002 0.000 0.002 0.004 0.006 0008
z_mov

m Maximize copper cross-section, while guaranteeing that iron does not saturate
m Important: edge effects, reluctance shaping, pole shoes, iron extensions

ETH:ziirich Er=
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ShuttlePump - LA Design and Radial Pull

m  Stator: if slotted > minimum air gap, higher flux density, higher reluctance forces (radial pull!)

m  Explore designs with increased air gap (min: 1 mm)

300

250

200

m mover [g]
N
[é)]
o

100

50

0

Radial Pull Force [N] (Xmov = 140 pm)

[é))
o

= N N w w S P
[¢)] o (&)} o (&)} o (¢}
I

-
o

(¢)]

0

X *

* RS

L B e

I_act

IR ]|
th_PM }
Specs
F=43N
|_act =24 mm

th_bi = 2*th_PM
Bsat=22T

th_Fe
:

th_Cu

40 50 60 70 80 90 100
Average Copper Losses [W]

m Trade-off: radial pull force vs axial force, i.e. copper losses
m ¢ Selected design: least copper losses (= 8 W) for maximum allowed radial pull (= 20 N)
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ShuttlePump - LA Hardware Prototype

m  Stator realization: stacked rings, VACOFLUX50 (high B, = 2.3 T) + ring coils
m  Mover realization: discrete N50 neodymium PMs on VACOFLUX50 back-iron rings

o

m . . h SPEC
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ShuttlePump - RA Design

m Spatial constraints: mover geometry - 4 poles, only magnets of the same polarity
inlets/outlets location - split the stator into two independent ones

Rotor
(4 poles)

0 35 70 (mm)

\nsys ()

m Slotted design - air gap unchanged, axial reluctance profile kept, no edge effects for the LA
m Two steps optimization - 2D FEM for RA only, final 2D FEM together with LA (full LiRA)

E’H Z Ur [ C h Spﬁ SSthE-nCPig ge%tronics Conference
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ShuttlePump - Sensor Concept

m  Contactless linear and rotary sensor needed. Enclosure: non-conductive
m Lateral surface occupied by LiRA stators. Far-away target: high sensitivity needed

» Renesas IPS2550

Source: renesas.com

vt e 5max = 10 min Figure 6. Response of the IPS25650
2 —~

TR AR LAV Rt ool

Conductive
Target(s)

Postion, Rotation Angle

Output Voltage

0 0 180 270 360
Rotation Position (degrees)

m Differential ECS system (from the cylinder bases) | Specially-shaped PCB-embedded pick-up coils
m Compact sensor interface: excitation + AM-demodulation in one chip, analog output

m . . h SPEC
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ShuttlePump - Sensor Concept

m  Contactless linear and rotary sensor needed. Needed resolution = 0.1 mm and = 1 deg
m  From rotary sensor can also extract linear position information (‘mag’ and ‘arg’)

0 mm 5mm 10 mm
—@—u_sin —®—u_cos —@—u_sin —®—u_cos —®—u_sin —®—u_cos
2.5 2.5 25
1.5
=
8]
% 50-0.5 0 240300 360-0.5 0 60 120 180 240 300 360
=>
-1.5
-2.5
Angular Position [deg] Angular Position [deg]
A 2.5
ShuttlePump = 2 ~ 2.5 p.m/mV
Sensor >
i s 15
£ E f,.=3 MHz
0 =3 !
< =
0.5 ~ 20 pm/mV
0
v 0 2.5 5 7.5 10
Linear Position [mm]
m Differential ECS system further enhances sensitivity and linearity
SPEC
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ShuttlePump - System Overview

m  Inverter + Control PCB: hosts Zynq 7010 SoC / 2 inverter modules switching @1MHz with output filters
m  First prototype: external drive = percutaneous cable connection

3 LA + 3 RA phases

Z
- cable — 4:
—" —

2 x 4 sensor signals
+ analog supply

=16 wires

m  ShuttlePump Firmware: current control / position + speed control / reference generation /
fault detection / serial monitoring

E’H Z Ur [ C h Spﬁ SSthErr? Po\2~eOr ge%tronics Conference



Power Electronic Systems
|-I E 5 Laboratory Y 116/178 lgl

ShuttlePump - Hardware Realization

m  Inverter + Control PCB: hosts Zynq 7010 SoC / 2 inverter modules switching @1MHz with output filters
m  First prototype: external drive = percutaneous cable connection

E’H Z Ur [ C h Spﬁ SSthErr? Po\2~eOr ge%tronics Conference
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ShuttlePump - Experimental Verification

m  Mechanical test bench: LiRA commissioning / machine constants and radial pull verification

E’H Z Ur [ C h Spﬁ SSOLI:hE-nCPig ge%tronics Conference
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ShuttlePump - Experimental Verification

m  Hydrodynamic test bench (Mock Circulatory Loop) @ Charite’ Berlin
m Sealed tanks = blood vessels’ compliance r|yPressure and flow-rate sensors

140 mmHg, up to 10 L/min

- Source: @H AR lT ,E

m Tested with external LiRA - next: with realized LiRA prototype

ETH:zurich i
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Part 2 Outlook

m  Overview on Blood Pumps: types, use, existing systems
m  Overview on non-contact position sensors for SB-LiRAs: types, use in machines
|

Example SB-LiRA with HB: ShuttlePump - LiRA design, sensor system, realization

Probe Electrode
:.hl"‘ﬁ:t

=
-
Gaurd Electrode /

Source: Fleming et al, 2013

Source: micro-epsion. de

Capacitive

Sources micro-epsilon. de

Eddy Current

nax = 10 mm

Excitation
Coil

U,
o7l
[T
) ‘\

Pick-up
Coils

Conductive
Target(s)

MEDIZINISCHE
UNIVERSITAT WIEN

CHARITE

@
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Outline

Part 3

» Introduction

WPT to Linear Actuators

Orthogonal and Parallel Field Concept
Supplying Multiple Receivers

Voltage & Current Impressed WPT

\A A4

v

Outlook
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Motivation

m Supply power to a linear actuator which is enclosed in stainless steel (SS) housings.
m Highest hygiene in pharmaceutical, and semiconductor processing industries.

Bearing  Slider Cable Carrier
— 7~
\Q\/ @1‘ - . .
. — 4 SS-enclosed linear actuator with cable
Stat | .
WithaP?l{/Is = carriers.
Power Cable /

e Supply cables and cable carriers - difficult to seal & thoroughly clean.
WPT through SS allows the removal of cables and cable carriers.

m . . h SPEC
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Introduction

m B through the SS sheets - induced eddy current losses.
m Different types of WPT through SS - cause different eddy currents leading to different losses.

- 4 Ve
/th%—_-m_%'-_'; —
eet
SS S$et A - A \ B 4— Apte
t/& /
Stator Stator
SS Sheet SS Sheet
A Orthogonal-field Concept (OFC). A Parallel-field Concept (PFC).

e In OFC, the magnetic material area A,;. can be large > p x A > High losses (e.g. 72% efficiency).
e A, is much smaller = eddy current induced is lower - high efficiency - PFC is studied.

SPEC
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Supply WPT

m Power supply for a single receiver - voltage impressed WPT
m Multiple receivers > voltage sharing or current impressed

Iin

Tout

bin
g
J Jij Cri R, Lg
+ i
g 1 N L . g 1N
5 = 5] mfl Ny £ 4
\_ Tm I . . \H C,
m N N N- = S o
J Jaj SS Shielding = |~ 1 N
° ' — SS Shiclding : J" JE}
Mya| Mg .
A Single Receiver A Multiple Receivers
e Inthe case of PFC - high coupling due to closed toroidal core
SF’ECi
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— Orthogonal Field Concept (OFC) ——
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Field Orthogonal to the SS Enclosure

m Analyzed WPT through SS: E-core primary and secondary
m Transmitter & receiver: represented with W; and W,

Power Receiver

Secondary

f__-‘
o up
tgt
Core ¢ D)

Stainless Steel
Sheets

Stainless Steel
(SS)

Power Transmitter

B )
—— et —<—
w E———’-\
Primary - ' Highest

Core : 1 Eddy Currents
vl

e Core flux density B penetrates through the SS sheets in the air gap
e Flux density integration = back emf E = induced eddy currents in SS

ETH:zUurich
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SS Eddy Current Distribution

m Analysis of the eddy current distribution: 3D-FEM
m Simulation parameters: primary 100 A — turns, secondary 0 A — turns, 1 kHz exc. freq.

Secondary 2 x 0.5 mm J (A/mm?)
SS Sheets 2.5
5 2.5
ég 9 ye= / ™~
1.5 E 1.5 / \
< 1 \ ./
1 — 0_3 / \\// \
Primary Polyline 0.5 50 -40 -30 -20 -10 O 10 20 30 40 50
Core z-Distance (mm)
X 0

e Most of the current induced in the SS concentrated between the limbs
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WPT Through SS Modeling

m Most of the induced current between the limbs - replace SS with a short circuit winding W3

m Windings W;, W, and W; - three-winding transformer

o e Three-Winding Transformer
27 Ry SS
Secondary ]
Core — W, 3y
3 R —— R
B i3 1 1 2 12
> 1 1 <
Primary L I
Core — 1 N | N [ "
21 A - _
0 ul 10

an
129/ 178___ Wikt

_ . dll dlZ dl3
Uuq _Rlll +L1¥+M12¥+M31¥

_ . di, diq diz
U, = Rzlz +L2§+M12¥+M23¥

. di di di
0= R3l3 +L3d_t3+M23d_;+M31d_t1

e Impact of the SS in the air gap - a third short-circuited winding coupled with the primary & secondary

e Equivalent circuit of the WPT through SS system ->

ETH:zUurich
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WPT Through SS Equivalent Circuit (1)

m Mutual inductance per turn (M,) is equal for W;, W, and W3, otherwise mag. sym. is violated
m Equal M, assumption - scale mutual inductances with number of turns N;, N, and N3

Secondary "H/ ig\\:‘* i W ;’/ o o ai, iz ol
Core — 11 g - > : W = Ryiy + Ly + nMyp 3+ mMaqg 2
(ng/H is ﬁ i Wy i Myz = Nilz - Mo a2 . qis
Symmetry Line - :fj‘;i@, e M33 = N;N3 - Mg nu; = n’Ryi; + n’Ly 2t + nMy, % + nmMaz 2
Pri E 1 i E Wy i M3, = N3Ny - My ' s i, _
rgg?g}l_—_i ’ 4l‘ i ’ ‘i’ 0= m2R3ﬁ+m2L3d—T+an23d—’;+mM3l%
‘ S ;

anz = mM31 = an23 = N12M0 =M

. N N
Turns Ratios: n == m==
N, N3

e Magnetization inductance M can be defined - equivalent circuit

. . SPEC
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WPT Through SS Equivalent Circuit (2)

m Further rearranging of equations using magnetization inductance M
m The third equation has zero voltage - in the SS branch connected to ‘-’ potential

Rq L{—M n?Lo—M n?Rs i2/n

. di d . i i
u1 :Rlll‘l‘(Ll_M)d_tl‘l‘Ma(ll‘l';z‘l'i)

i2

i dy d . iy i
nu; =n’Ry 2+ (Pl —M) 2+ M (b +2+2)

i3

; aB d . ,
= m2R. 2 + (M?L, — M) d 12y s
0= R3m+( L3 M)dt+Mdt(l1+n+m)

e Values of the parameters > from 3D-FEM eddy-current simulation
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WPT Through SS Equivalent Circuit Parameters

m WPT system geometry - determined such that 50 W can be transferred
m Primary/secondary core > two stacked E 47/20/16 N87 ferrite cores

Secondary

_ Core D _ i1 Ni? Ro le Lo N12 Lo N12 Ry iQ/Tl
Primary Ny Stainless Steel ——
Core %\ Sheets + +
U1y N%MOI N?Rs nuo
405 SS
Per Turn Parameters Ry = 55.6 pQl R3; = 4.97 m(}
Valid for Exc. Freq. <klj|0 Ly = 77.16 nH M, = 172.84 nH
Z
m?Lgyg—M =~ 0
1V3 =1

e Parameters obtained from 3D-FEM simulation using Z,4, Z{, = Z,; and Z,, complex impedances
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Model Verification with 3D-FEM: Coupling k Calculation

m Coupling coefficient k calculated from the equivalent circuit
m Series equivalent of the magnetization branch: L, = (MqR3)/(R% + (2rf - My)?)

08 —— Circuit Model * 3D FEM = Li,(f)
* * " Lip(f) + Ley
0.6 | H
< 0.4} M,
0.2} k= YR
. w 'le (R_O) +le +M0
0 : : 3
10—2 10-1 10° 10
Frequency (kHz)
: I = My
if R; — oo then: = Lo 1 M,

e Coupling k dependence on frequency > second order low pass filter
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Analytic Calculation of Circuit Parameters

m Based on the current distribution in the SS - R is calculated

e Inductances calculated based on the magnetic circuit model

m . . h SPEC
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WPT Through SS Resonant Compensation

m Series resonant compensation > self-inductance L{; = Ly; + L4, or stray inductance L,
m Rather low SS resistance value - self-inductances L,,/L,, are frequency dependent

_ 1
Li; = S(]0‘)1\/” |Rss) a

1 1

C, = C, =
! szsl 2 wZLSZ

e Stray inductances Ly,/L,, are not frequency dependent
e Compensation of stray inductances leads to higher efficiency

. . SPEC
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Fundamental Frequency Modeling, Equivalent Load Resistance

m ‘Notch’-pass characteristic of the input impedance

[Source]: Roman Bosshard, ‘Multi-Objective Optimization of Inductive Power Transfer Systems for EV Charging’, PhD Thesis, ETH Zurich, 2015.

ETH:zUurich
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Pulsed input voltage - only fundamental component of the load current!
Equivalent load resistance - models delivered output power P,
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Prototype Design
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Optimum Number of Turns

m In this work primary & secondary number of turns assumed equal, N; = N,
m Ry, My, R; - parameters per turn (N; = N, = 1) determined by the core geometry

Ry = N2Ry Ry = N2Rg

an
138/ 178___ Nkl

i1 io 80 E——— :
——J 1} ' —~
+ + > 60}
u M = N2 M R —NQRSS R & — f=1Klz
1 = N7 Vo ss — 4Vq L13 u2 L = 40 7
S R A f =10kHz
- _ 3:19 20 L
£5) ¢N1,0pt ~ 180
0 100 200 300 400
Input Voltage  Output Voltage  Output Power N1 (turns)
Uy =50V Uy =50V Py =50W
U3 R
_ _ L
Rinom =55-=250 Ny opt = o~ 180
2 JVRo(Ro + 2R3)

e Optimum number of turns > Ry ,,o;m > Ry and Ry, om < Ry

ETH:zlrich e
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Hardware Prototype

m Primary & secondary cores -> two stacked E 47/20/16 N87 ferrite cores
m Primary & secondary windings = N; = N, = 180, 0.5 mm wire diameter

2 x 0.5mm

SS Sheets

Parameter | 3D FEM  Prototype  Rel. Error

R ac 1.80 190 53%
AT I 25mH  2.62mH  46%
Secondary M 56mH  54mH  3.7%
R.. 160 Q 1550 3.2%

Wi

Primary
Core

e Model & prototype parameter values considered up to 10 kHz excitation frequency

ETH:zlrich Er=
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AC Winding Resistance

an
140/ 178___ Wikt

m Impedance measurements on the prototype -> proximity effects in the windings
m Frequency dependent winding resistance R,,(f) = included in the model using Gr(f)

u1

?:1 R‘W(f) Ls Ls RW(f) 12

o
o ¥ -

Rw(f) = Rwac(1 + 2Gr(f) - H?)

6
- Measured
—~—— s Estimated
S
N
0

Frequency (kHz)

Ry (10 kHz)
Rw,dc
2Gr(10 kHz)

1
H? =

e Further details/references on Gi(f) can be found the in the paper manuscript

ETH:zUurich

SPEC
Southern Power Electronics Conference



-1C I Power Electronic Systems
I"— Laboratory

Optimal Excitation Frequency f oy

m Frequency dependent winding resistance R, (f) > thereis f,, s.t. efficiency is max.

an
141/ 178__ Nt

m Frequency dependent winding resistance R,,(f) =2 thereis R, = Ry ,,:(f) s.t. eff. is max.

71 Ry (f) Ry (f) 29
> L | L | <
+ +
L12
U1 u2 |:|RL
R12
_ JRw\R% + 3RyRi; + 2RZ, + 2(wlsy)?
RL,opt -

ETH:zUurich

JRw + Rz

‘Flat’ eff. curve - range of freq.
Res. comp.caps. 2 C; =C, = 1.9 pF

Operation frequency - 2.25 kHz
(71.2 % efficiency)

Efficiency (%)

RL,opt (Q)

—
g0 D
o o O

]
o

Output Power (W)
o8 85

fmin+ +fmax

o
(V]

4 6 8 10

Frequency (kHz)
SPEC

fmin = 1.6 kHz
fmax = 2.3 kHz
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75 60
S = y—r———
65 20V 40V 1 60V w0g
o - d odel
:é 60 ® Measured 2045
Es| 55
50 10 20 30 40 50 60 °
(a) Output Power (W)
12 60
3
g ’ / " o o
Q . -
=< Power & Efficiency

(=4
(=}

10 2 30 40 50 60 MeasurementS

Output Power (W)

=
=
~

o
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Regulation of Power via Input Voltage

m Verification of the circuit model with the power & efficiency measurements

o 60
: Ry = NZRg Ry = NZRy . E70™"e o 4
o — 2 20V 40V 60V 40 —
+ + 565" >
SS g 60l = = Model -
ul M = N2 M, R.. = N2R u R © ® Measured 20 42
= Ny MOo ss — 1V 413 2 L 5 55 L
: _ - 10 20 30 40 50 60 °
(a) Output Power (W)
12 60
_ = L
a2 | z
o -
) — 4 20
Pss _ Ri2(RL + Ry) ) ol ;
P,  Ru(R? + X}, 0 10 20 30 40 50 60

(b) Output Power (W)

e Efficiency does not depend on the input voltage
e SS losses P increase linearly with the output power P, (R is constant!)
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Regqulation of Power via Load Resistance R},

m Verification of the circuit model with the power & efficiency measurements

60.92 18. l 0 14.0Q
5 5 Measured: @
; Rw = NiRo Rw = NiRo , f\75 PV_HV
1 12 o p
—— [ = 70,
+ +
qS E‘ 65
uy M = N2 My R = N?Rs3 ug | AL Z 60]
) ) = 55 = = Model
Y 120
(a) Output Power (VV)
=~ 12
U, =1[20,40,60]V S < 60V
£ \
2
5 2, A0V
é — R12 (RL + RW) g 20V T—
P R: (R2, + X2 RN o . . . | |
2 Ru(Rp; + 0% 20 40 60 0 100 120
(b) Output Power (W)

e Efficiency heavily depends on the load resistance R;
e Larger output power P,, while keeping the SS losses P limited

ETH:zUurich
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OFC and PFC

m B through the SS sheets - induced eddy current losses.
m Different types of WPT through SS - cause different eddy currents leading to different losses.

- 4 Ve
/th%—_-m_%'-_'; —
eet
SS S$et A - A \ B 4— Apte
t/& /
Stator Stator
SS Sheet SS Sheet
A Orthogonal-field Concept (OFC). A Parallel-field Concept (PFC).

e In OFC, the magnetic material area A,;. can be large > p x A > High losses (e.g. 72% efficiency).
e A, is much smaller = eddy current induced is lower - high efficiency - PFC is studied.
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Parallel-field Concept WPT ———

dss,out

Secondary

Winding
Coaxial arrangement

%jrré@ry \
inding / L

SPEC
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Parallel-field Concept WPT — SS Loss Model

m Calculation of eddy-current losses = P, x V., F(x), 0,8, wss, F(x), By

m SS losses depend only on the primary current.

dss,out // \
P -
B(T) = Ho o /\
/{ SS Pipe
. = ~Secondary
Primary N Winding

ima P

A Arrangement of the PFC WPT.

SS Shielding/! .

A Electrical equivalent circuit.

e The SS losses can be modeled in the same way as (primary-side) winding losses.

ETH:zUurich
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Parallel-field Concept WPT — Primary Winding Design

m To find the best arrangement of the wires: 2D-FEM at N, = 12, f, = 50 kHz.
m Simulation parameters: Round 2> d,, =1.85mm ; Flat > §, = 0.9mm, b, = 1.2mm, and d,, = 17 mm.

Round wire
©°%¢
@ @
@ @ _
@ v ® 5 5 4 .
) Sy —— round - (a) 2 —— flat - (b)
;O/O @ _ = —— flat - (b) :93?” f—50kHz |
Flat wire : =3 o 2 bonin(50KHZ) ]
oy 6 £ 2r >B 1}
Wy 0.4 \!?/ |
%: 0.2 19 20 40 60 80 100 < 9% 0F 1 5
U dw b‘”ﬂ 0 Frequency (kHz) Sy (mm)
A 2D-FEM of analysis of different A R,./R,4.vs Frequency. A Normalized Winding resistance
y . ac dc y
arrangement of wires. vs Windign thinkness §,,.

e The lowest AC resistance - the wires at the circumference, i.e., the flat wire should be used.
e Increasing §,, above the skin depth does not lead to a further reduction of the winding resistance anymore.

ETH:zrich i
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Parallel-field Concept WPT — SS Tube Thermal Model

m The SS surface T should be kept below 60°C.

Pcu]_ PSS Ta.mb
B+~
IH——=—
1.5W/K 40°C

A Primary-side thermal model.

ETH:zUurich
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Circulate the current through the
pipes, and measure the power
and the temperature increase.

o Tokeep T, < 60°C at T,,,, = 40°C, the losses in the primary should be P, + P, < 13.3 W.
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Parallel-field Concept WPT — Electric Equivalent Circuit

Ry1 w2 depends on the operating frequency and the winding geometry = Ry,; w2 = Rac(fsw)-
L, is the external stray inductance = Ly, = pglog[xg,/(d,,/2)]LssN% /.

Lgq. is much smallerthan L,;, > Lg . = Lg;(h/Lg).

L,, is calculated from the 4, value of the core = L, = A N3.

C.1is resonant capacitor 2 C.; = 1/[w? - (Lgg + Lgcy)]-

d |D dout Sliding a5
in
] ~ SS Pi
LA B
u1 CRe&ur? \ Ts1
- ondauctor
\‘ < <4 PFC WPT system with a single receiver: conceptual
Les ; physical arrangement and electrical equivalent circuit.
i, Gr1 Ree R La L © iy R
11 S8 w1l sl slc 12 w2
+ | +
sigine o | e

SS Shielding — -

e Different from the OFC WPT, SS losses do not depend on the air gap field in PFC WPT.
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Lout

INOg,
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Parallel-field Concept WPT — Voltage-Impressed DCX Operation

m High magnetic coupling - operation of the WPT system as a series resonant converter.
m Switching frequency < resonant frequency - soft switching achieved - “DC transformer” (DCX).

ETH:zUurich

Uin
Il
|

i

g
J._}J.} Ci1 Ry Lg

L@ Ny

Tout

INOop,

—_

SS Shielding = |~

Q=05
3
g Q=1
~
3 Q=2
Q=10
0 2

1
fS/fO

i

N

1/fs

<« Operation of the PFC WPT system as a “DC transformer”.

The DCX couples the output voltage tightly to the input voltage without the need for closed-loop control.
There is no need for a communication link between the primary and the secondary side.
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— Hardware Prototype ——
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Hardware Prototype — Optimization result

m Swept parameters for different power levels: frequency f; = 5:-- 60 kHz, turns Ny = N, = 4--- 20 turns.
m Number of secondary cores: N, ckeq = 1-

o
He

Efficiency (%)
[ o
S N

oo
o0

86

stacked — ]_ N]_: 16 turn fs - 20 kHZ

0

50 100 150 200 250 300

Output Power (W)

5
fs (kHz)

]
S

(]
o

[—
o

Efficiency (%)

]
=

]
[RW]

o
o

o0
o0

o0
[=2]

]

ctacked =1 N1=16 tulrn s = 20kHz

50 100 150 200 250 300

Output Power (W)

A Efficiency vs output power in dependence of the operating frequency f¢ and the number of turns in the primary N;.

ETH:zUurich

e Optimum operation frequency - consequence of the core loss model: P, < B%- f°.

e The blue line indicates the best design with one stacked core (N i ckeqa = 1, N1 = 16 turns, f; = 20 kHz).
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Hardware Prototype — Number of Cores on the Secondary

m The magnetic material area A;, is increased by increasing the number of stacked cores Ng,cked-
m 1core - 90gram, 2 stackedcores -> 180 gram.

08 | p =i TE o gmwh
— 98} 4 . = = = U.Ym
S @ R i m T4 f T 420k

Z 96+ 1 ;

= m

< 94 —— Natacked = 1 Ni1= 16turn fs = 20kHz - O = N = B * Afe = Bm * Nstacked * Acore

:5 —— Ngtacked = 2 N1=8turn fs= 20kHz 1

R0-100 200 300 400 500 600 5 Y
Output Power (W m —
! (W) Nl ' Nstacked ' Acore

A Efficiency versus output power in dependence of the A Equivalent circuit.

number of stacked cores.

e Higher efficiency and/or power transfer can be achieved with two cores (Ngiickea = 2)-
e Stacking the cores > lower N; - reduce the R; accordingly - larger efficiency and output power.

ETH:zlrich Er=

Southern Power Electronics Conference



P r Electronic Systems
IED Dovoratory o et 157/ 178_I%l

Hardware Prototype — Measurement

m Prototype of a linear x — z actuator with a PFC WPT system 2> V4. =72V, f, = 20 kHz, and P,,; = 300 W.
m The inverters supplying the linear motors move together with the linear actuator’s slider (in the x-direction).

Inverter
Supplies
(- and 2-direciton)

Primary }‘\ %
Windin N '

Inside SS Pipe

Motor
¢ (2-direciton)

Secondary
Winding and
Toroidal Core

(Sliding Part)

Return
Conductor

H-Bridge
Primary Converter

A Prototype A Measured key waveforms during a mechanical load step

e The efficiency is up to 97% through SS (Wireless power transfer efficiency).
e Good load regulation without the need for a closed-loop control system.
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Hardware Prototype — Operation

https://youtu.be/xQahtyX00Zo spEC
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— Multi-Receiver PFC WPT ——

i+
+9

- Uiy

ol
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Multiple Receivers— Automatic Time-Sharing Operation

m More than one receiver > magnetic series connection of the secondary windings -
the output voltage is uncontrollable (shared by the number of secondaries).

m Automatic time-sharing operation for the PFC WPT linked to multiple receivers without
communication and close-loop control.

LD Lo |

Dio] Diy
Cr Rs LS - isl
— —1+
. . 0 \ CO
o Ly @ N, *NZ “I T
S I oL o
: Jo
+\ i ! M. | Mip o
Uin =;in ux o (!) o 00O iD,N io,N
- : DN,{ DN,;
: k3 F et
£l 0 . N R
T Loyl N, N ”;W = o
> /, |
SS Shielding : _513.53
My,a| My
A Conceptual physical arrangement of A Electronical equivalent circuit of multiple
multiple receivers receivers
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PFC WPT — Operation with Multiple Receivers

m Multiple independent drivers and power suppliers = coupling between the receivers.
m Time-sharing approach for multiple receivers.

207 6w 30T 5w
Ti,21a ’—\ | — |
To,2m ‘ | — |—i
10
= ‘IIHI“UHIJ”H"ll“I‘|H"5"ll“ﬂl'U!I‘Il"i”H"l"'U'H”W"H"I”'l“ﬂ”i"ll“!”
g1 [ (TR AT (1
g 0 '\lp‘ ‘\.| I |‘|HI|" i l' A ‘\l“ \‘l\‘ Il\"‘ il l‘l H
5 5 b . i
iDa fouta O 13 |M\IH|\ll\‘IhIhI\fldl‘\imruumwl\uHrlulmmrmlm‘n I\H\”\I\ll m MHH\I!\H‘
Dy Dy Power CSMA -
a a - 1 L :
jm Ry La i%li A = 5l uw‘m wuwwwuww :mu "H ||u;|| m ||u||u u|
K C P ! 2 0 A 'IJH'”'H\"”UI\“I”\‘IIHIUIIIWIHII
* ° al = )
OEF Lol N1 N2 112: 2::23 + N g 5 — iDa — douta
?} — Communication CJ 10
JeE Jik Js i 1
— i
- : T1a) TZ: = M\A

| A [

(T 'I'HI‘IH (I

Dip| Doy W ! = -5p — Db — douth
Y 'Y o

U
\ID
I
,;/
s
.
v]
L=
g
g
o
Current (A)
D w

.,J“f .J“jz il
fra— Lmb!TII* ;\"2 I\L‘Zb 02=b= _é g
v 3 Z
ieldin, / o . %
SS Shielding TOJI:E) szf L S .
Time (ms)
A Two receivers WPT circuit. A Simulation results.
P
e The relative on-times depend on the respective output powers as: D, ., = ﬁ.
a b
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Hardware Prototype — Two receivers

m Prototype of 2 linear x — z actuators with a PFC WPT system > V4. =72V, f; =20 KkHz,and P,,; = 100 W * 2.
m Automatically adjusts switching duration of each module.

Moving &
direction <
X Rectiﬁer Module
=1 and Inverter

Secondary Winding
and Toroidal Core 2

Motor (x-axis)#/ Secondary Winding
Y // and Toroidal Core 1

Primary Winding

Enclosed in SS Pipe

Resonant . Kl Return Conductor
Capacitor Full-Bridge
ey ' Primary Converter

A Experimental result at transition.

(One module has a load step change from full load to
half load, while the other is at full load.)

A Hardware prototype
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Hardware Prototype — Two receivers

m Video
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WPT to Multiple Sliders

m Multiple independent sliders to be wirelessly powered
m Load-independent operation - Voltage control is not required
m Cross-interaction between multiple loads = Synchronization and/or time-sharing is required

DTc:rutb
PR iy Transformer
11 Ma 12a \ [ Iouta. i
Lla. L2a. U2a $ | §
I . =
g BCE..
Receiver _o= JH} % 2
‘g H H
7~ C) Uin g 5 L1I
Jox | S ~_WPT :}J'— 3
P ] r y I
+ N g 3 primary . /SS enclosure H :’3 O M 19b cn:tb
Vo () ui“\ (TR S8 b \ = fe]
dec 2o =
g0 leE ELQb“Qb Z§ 3
ok Oo / il \ :

m Magnetic flux density in the core should be withing the saturation limits
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Voltage-Impressed WPT vs. Current-Impressed WPT

m Single receiver with voltage-impressed WPT (DC-X) = load-independent operation
m Multiple receivers - Equivalent to multiple loads connected in series

- Voltage-impressed WPT - Voltage is shared between loads = time sharing control
- Current-impressed WPT - load-independent operation

Rioada Rioada
Uin@ [ Rload Uin @ 11 <f>

Ripadb

Rloadb

A Voltage-impressed WPT A Voltage-impressed WPT
A Single-receiver

A Current-impressed WPT
A Multiple-receivers

A Multiple-receivers
m Voltage-impressed system can be converted to a current-impressed system
m Symmetric T-network:

Uin
.]X JX Iin
-

Ut l —jX HZT
ETH:zurich

o]
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Compensation

capacitor

ETH:zUurich
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Conventional Methods

m Voltage-impressed and current-impressed methods
m Compensation circuits change the voltage/current impressed transformer

1 Lnla 3
Transformer 3 Compensation Transformer Louta
C., , circuit
gl N S
Ha @
L1a§ Lo, biﬁ :::DE L1
L9 I |
) E%a
A lin ’Jg}JE} Alin
Ll o L1

My, ] o
Lip§ ELQb D% ==§ leg gLQb

.
Juk ok

Voltage-impressed

Current-impressed —

m Voltage-impressed = Cross-interaction between multiple loads - Requires time-sharing
m Current-impressed - Independent operation of multiple receivers > No control is needed
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Conventional Current-Impressed Method

m Primary current is impressed
m Load independent output voltage
m Primary and secondary currents are 90 degrees out of phase

—»—0
I

Transformer Louta U:
_ in .
~ jwl; Iyiapy = —]<

wM{a,b}> I =
@ 1=

Re Ly Xa Regiap)

Alin

() |uin L&

M
Uz{a,b} = % Uin <« Load-independent voltage

) NZp? N 1
B |Bc{a,b}| = G, Uiy lgqu{a'b} k{a,b}Aesz%

By, Load dependent
By Constant Bot, :Bch

A, and [, - effective area and length of the core
N, - secondary number of turns

m Load-dependent flux density u - effective peaceability of core material
m Core flux density increases with high-permeability Kiab} = Miap}/y/L1tap} L2gapy - cOUpling coefficient

ETH:zlrich e
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Proposed Current-Impressed Method

m Secondary compensation is removed
m Primary and secondary currents compensate core flux density

;. — U Ingan = —JoM
1= ; 2{a,b} — - 1
j wLy Regtap) +iwLlzap)
Transformer Igggg Transformer Louta
“2a;, R Li Xa
4= . s—
L2a =§ R
_ e
L i a=tan"1[—L
(l)LZ
> @l =
By
Boy, & B,

m Output voltage is load dependent
m The circuit is designed at a nominal load
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Proposed Method - Circuit Design

m Designed at nominal load
m The compensation inductor defines the voltage gain
m Series reactance X, is tuned to have zero-phase-angle at the input

3 2

w3L, M
M Reqn Xg1 = L¢ — @ Ly + Myee—5———
Regn + w?L5

N Transformer Louta Ly =1L; + Lia + L1y

Lf:

m Load voltage needs to be controlled by changing the load
m Active rectifiers connected to multiple sliders work independently
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m Continuous control of active rectifier duty will allow voltage control at partial load

I"— Laboratory
Proposed Method - Control
m Maximum load power at duty D=1
Pouta= 100W  —— i
6 Poutb= 10W === Q]
2 N N
3o // \\ / \\ Primary
5 current R Le
S_sl/ NS N
®m 0 0.5Ts Ts 1.5Ts 2Ts
Pouta= 100W === i25 === iDa == iouta .
3 Poutb= 10W ==—igh ===iDbh = icutb 1tn
g ol NS VARV Secondary Cs
= . luin =
3 / current Q
-3
(¢ 0 0.5Ts 1.5Ts 2Ts
Pouta= 100W —— %2a === uouta
Pouta= 10W e u2a === Uouta
S T2 e = == ==
% Secondary
:c>3_72 voltage
(d) 0 0.5Ts Ts 1.5Ts 2Ts
Time

ETH:zUurich

m Natural overload protection
m D_N<1 - overload is allowed

Uoutb

outk

1 _ — Analytic e Simulation
=
205
=
[
% 100 200 300 20(

Load Resistance (Q)

T R
D{a,b} = —COS_1 <1 - M
2 Ripadiab)

Ryoa2an - Nominal load resistance
Dy - Nominal duty at nominal load
Rioadgapy - LOad resistance

SPEC
Southern Power Electronics Conference



-1C I Power Electronic Systems
I = Laboratory

an
172/ 178__ Nt

Core Flux Density

m Both primary and secondary currents are impressed

m Almost compensating core flux densit 2(1 _ 2,2 .2
p g y B G,U:, 64 7w2(1— kup) N3 1
— —— Pouta= 100W — Pouth=10W C{a’b} e wZAZNZ 212 . T"-DN
E 200 8k elV2 leRload{a,b} sin? (—2 )
Flux B
density = _% 0 kigpy = 1
X200 '
23 0 0.5Ts Ts 1.5Ts 2Ts
__ 6 _ GvUin
=< /T \ / \ |Bc{a,b}| - wA.N
Primary = I, / \ / \ eV2
current & / \ / \
S s N, N
0 0.5Ts Ts 1.5Ts 2Ts
3
= B
Secondary = 2b ConstantB . B
current : : B; Constant 2P Bev
o
-3

0 0.5Ts Ts 1.5Ts 2Ts

Time

m Load independent core flux density
m Low magnetizing current due to compensating primary and secondary currents
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Efficiency (%)
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Optimization

m Conventional current-impressed approach
- 96% efficiency with MPP 200 powder core
- Limited cores types u [200 300] due to higher flux density
m Proposed current-impressed approach
- 98 % efficiency with conventional ferrite core
m Low partial load efficiency due to impressed currents

Powder core materials

Ferrite core

— Hr — 60 — flr = 200 - Hr = 550 —_— Mr— 2000 .
a s a a Selected design
100 100 ¢

95 X g5 1:’,

g b

90 z 9 i

. z T -

A 85 T .

5 3

3 °

80 We/tet o, - . . Lo 80 - s 22
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700

Nominal output Power (W)

Nominal output Power (W)

Parameter N1 No

fs Ricaan

Range [5,30] [5,50]

[5kHz, 50kHz]  [52, 400 ]

0.8

0.6

0.4

0.2

Flux density (T)

173/178 I@l

Parameter

DC input voltage
DC output voltage

Output power (per receiver)

Length of SS pipe

Distance between SS pipes

Symbol Value  Unit
Ude 72 A%
Uout{a b} 72 Vv
Pouefapy 100 W
les 118 cm

dss 10 cm

25

50 75 100
Load A (W)

25

©
S
Efficiency (%)

85
o W30
50 75 100
Load A (W)
SPEC
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Comparative Evaluation - for Multiple Receivers

m Both systems have similar
- components values (compensation circuit)
- Voltage and current stresses

m Proposed approach results in significantly low core flux densities

an
174/ 178 it

Parameter Conventional ~ Proposed
i Core material MPP 200 Ferrite
Conventional Proposed Froquency ity 0L
. Primary turns N1 10 10
Voltage Not needed Needed for individual loads Secondary turns Np 35 25
. . Primary inductance L1 + L1, + L1y, 279.2uH 1.0mH
control —no SynChronlzatlon Secondary inductance Loy, 1,) 306.2uH 2.8mH
needed Mutual inductance M 7.5uH 1.1mH
Primary resistance R 240 mQ2 266 mf2
; ; Compensation inductance L 7.5uH 88.5uH
Overload Possible core saturation Inherer)t overload Primary eapacitancel (1 /e X.1) e e
rotecton Secondary capacitance Coy,, |, 132nF -
protect (a.b)
Sensitivit  Robust against slight Sensitive to resonance Cone e nominal foad oo 10
y variations of resonance tuning Core losses _ 26W 300mW
Primary current (rms) at nominal load 4. 7A 3.9A
Material  Limited material choices = Conventional ferrite preondary current (mns) at nominal load 143 A L3 A
) ] ase between primary and secondary currents 90 —175.5
due to core saturation materials can be used
e . SPEC
m ZUri Ch ‘ " Southern Power Electronics Conference
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Part 3 Outlook

m OFCand PFC wireless power transfer
m Multiple receivers > Voltage impressed & Current impressed

My
e
dss,out/,r > \

p”

N >
Ac P> //\
_x  SS Pipe

ETH:zUurich

aC y or Core @
/l\i =~—4—;¥i:‘(77 —" N \
l'l' / s

i Secondary

Slider Primary o Windin
. indi . g
Slider SS Sheet Winding )
SS Sheet N B Aere N P il B
\ B =— Aote = el 4
> AN Jss
/ : /
/ Stator
Stator SS Sheet et B
SS Sheet g e irection
ee direction
Dl’aﬂ Dug ¥ X | ~Rectifier Module
_T' R L Cig N | and Inverter
\
Ly Ny| st L, |
\ Secondary Winding
= and Toroidal Core 2
' .
vl B
i ' M| My Secondary Winding
’ ooo ooo inN  fon and Toroidal Core 1
o DN _lo.N
1
: Dl\.:i DN.E‘ Primary Winding
T Enclosed in SS Pipe
+ kY
= u;, Loxll v, No| C°== ton
b A Return Conductor
"luu,.l- o Capacitor ), Full-Bridge
SS Shielding ' ™" Primary Converter
Muya| My, 0
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Biography of the Speaker

Spasoje Miri¢ received his 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 advanced mechatronic systems. During his Ph.D. project, he
focused on linear-rotary actuator systems with magnetic bearings,
which resulted in two hew 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.

From 15t of January 2023 - TT Ass. Prof. @ University of Innsbruck

New Laboratory: M universitat

Drive and Energy Systems Laboratory (i-DES) & innsbruck

miric@lem.ee.ethz.ch
spasoje.miric@uibk.ac.at
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