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Linear Rotary Actuators (LiRAs)
Applications

LiRA Examples

Introduction
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ƴ LiRA is conceived by coupling Linear and Rotary actuators (machines)
ƴ Types of coupling: Mechanical, Magnetic, Double Stator

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

Linear-Rotary Actuator (LiRA)

1

ƴParallel Mechanical 
Coupling

ƴSeries Mechanical 
Coupling

ƴDouble Stator ƴMagnetic Coupling
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ƴ A wide spectrum of application areas: servo, tools, industrial automation, robot end-effector, blood pumps

LiRA Application Examples

2

ƴServo

Source:Source:

ƴLathe ƴIndustry Assembly Lines

Source: IEEE

ƴPick & Place Robot in 
Electronics/Semiconductor 

Industry

ƴHandling/Dosing in 
Pharmaceutical/Chemical 

Industry

ƴShuttlePump

Source:Source:Source:
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LiRA Example 1

3

ƴLiRA or ᾀ‰-Actuator

Source:

ƴ Series mechanical coupling Ą three-phase slotlessPM rotary actuator (top) & linear actuator (bottom)
ƴ Pick&PlaceLiRA enables rotational and translational motion for small component placement

ƴSpecifications

High accelerations required

Rather a low max. speed

ƴ Component placement throughput  Ą high dynamics/accelerations
ƴ Actuator operation  Ą low speeds due to limited stroke (acceleration/deceleration)
[ref] Overboom, T. T., et al. "Design and Optimization of a Rotary Actuator for a Two-Degree-of-Freedom $ z\phi $-Module." IEEE Transactions on Industry Applications 46.6 (2010): 2401-2409.
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LiRA Example 2

4

Source:

ƴ Series mechanical coupling Ą three-phase rotary actuator & three-phase linear actuator
ƴ Pick&PlaceLiRA enables rotational and translational motion for small component placement

ƴ Cogging force due to end effects  Ą minimization by optimizing stator core geometry / placement
ƴ Passive gravity compensation  Ą force profile optimized in 3D-FEM by varying geometry
[ref] Meessen, K. J., J. J. H. Paulides, and E. A. Lomonova. "Analysis and design considerations of a 2-DoF rotary-linear actuator." 2011 IEEE International Electric Machines & Drives Conference (IEMDC). IEEE, 2011.
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LiRA Example 3

5

Source:

ƴ Three-phase rotary actuator & slotlesslinear actuator winding in the air gap
ƴ Pick&PlaceLiRA enables rotational and translational motion for small component placement

ƴ Single set of mover permanent magnets  Ą special arrangement to interact with rotary and linear windings
ƴ Large air gap  Ą low cogging force; but low machine constant
[ref] Meessen, Koen Joseph. "Electromagnetic fields and interactions in 3D cylindrical structures: Modeling and application." Dept. Electric Eng., Eindhoven Univ. Technol., the Netherlands (2012).
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LiRA Example 4

6

ƴ Moving coil rotary actuator & moving coil linear actuator
ƴ Pick&PlaceLiRA enables rotational and translational motion for small component placement

ƴ Limited rotary stroke due to permanent magnet field arrangement  Ą parts with no radial field
ƴ Moving coils  Ą moving cables limit lifetime
[ref] Teo, Tat Joo, et al. "Principle and modeling of a novel moving coil linear-rotary electromagnetic actuator." IEEE Transactions on Industrial Electronics 63.11 (2016): 6930-6940.



/ 100

LiRA Example 5
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ƴ Concentrated coils in linear and rotary direction  Ą ¼checkerboard actuator½
ƴ Checkerboard direct drive LiRA enables rotational and translational motion

ƴ LiRA with magnetic coupling  Ą highest compactness, increased number of phases, increased control effort
ƴ Ideally no end windings  Ą end winding for the linear direction is an active part of the winding for rotary direction
[ref] Jin, Ping, et al. "3-D analytical linear force and rotary torque analysis of linear and rotary permanent magnet actuator." IEEE transactions on magnetics 49.7 (2013): 3989-3992.
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LiRA Example 6
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ƴ Double stator LiRA  Ą ¼magnetically insulated½ linear and rotary parts
ƴ Three-phase linear and rotary machines, controlled independently 

ƴ Large force (650 N) / torque (10 Nm), dynamics limited due to the large moving mass of the mover
ƴ Challenging design  Ą cooling of the inner stator, mover back iron with two sets of PMs
[ref] Xu, Lei, et al. "Design and analysis of a double-stator linearïrotary permanent-magnet motor." IEEE Transactions on Applied Superconductivity 26.4 (2016): 1-4.
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LiRA Example 7

9

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

ƴ Limited force (5 N)/torque (0.1 Nm) due to slotlesswinding, helical winding complicated to realize
ƴ Mover PMs the same as for the checkerboard actuator
[ref] Tanaka, Shodai, Tomoyuki Shimono, and Yasutaka Fujimoto. "Optimal design of length factor for cross-coupled 2-DOF motor with Halbach magnet array." 2015 IEEE International Conference on 

Mechatronics (ICM). IEEE, 2015.
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Application Requirements
Conventional Bearings

Bearingless / Self-bearing

Need for Improvements
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High Precision Requirement

10

ƴ High dynamics robot  Ą reaches accelerations of ρυπϳ and speeds of  υ ϳ
ƴ Horizontal workspace of σππÍÍ σππÍÍ; repeatability ρπʈÍ

ƴ Thermal expansions in parallel kinematicsdeteriorate precision  Ą LiRA with radial position control
ƴ Handling smaller components/dies  Ą mover tilting necessary
ƴ Mechanical/air bearings used in conventional LiRAscan not control radial position nor tilting

LiRA
LiRA

Parallel 
Kinematics

Can be water 
cooled to limit 

thermal 
expansions

Source:
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High Purity Requirement

11

ƴ Applications requiring high purity  Ą clean rooms, bioprocessing, pharmaceutical
ƴ Mechanical bearings  Ą limited lifetime / limited purity levels / often disassembling for cleaning

ƴ Air bearings  Ą require air supply / prohibited operation in low-pressure environments
ƴ High precision & high purity requirements limit usage of LiRAswith conventional bearings
[ref] Paulides, Johannes JH, Jeroen LG Janssen, and Elena A. Lomonova. "Bearing lifetime of linear PM machines." 2009 IEEE Energy Conversion Congress and Exposition. IEEE, 2009.

ƴMechanical bearings 
compromise high purity

ƴDisassembling for regular 
high-pressure washdowns

Source:



/ 100

Magnetic Bearings (MBs)

12

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

ƴ Characteristics  Ą free of contact, no contaminating wear, bearing stiffness control, low maintenance
ƴ Applications  Ą vacuum and clean room system, high-speed pumps, high-purity pumps, flywheels
[ref] Maslen, Eric H., and Gerhard Schweitzer, eds. Magnetic bearings: theory, design, and application to rotating machinery. Berlin, Heidelberg: Springer-Verlag Berlin Heidelberg, 2009.

MB2MB1
Source:
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Standalone MBs and Self-bearing/Bearingless Machines

13

ƴ Self-bearing/Bearingless  Ą integrate MBs into the existing machine structure
ƴ Achieve self-bearing function  Ą superimpose the main field (torque, ὴpoles) with the ὴ ςtype

ƴ Tilting control of the long shaft  Ą either Ὂ Ǫ ὝȟὊ or ὝȟὊ Ǫ ὝȟὊ
ƴ ὴ ςtype is achieved by winding scheme or current distribution in the existing main windings
[ref] Maslen, Eric H., and Gerhard Schweitzer, eds. Magnetic bearings: theory, design, and application to rotating machinery. Berlin, Heidelberg: Springer-Verlag Berlin Heidelberg, 2009.

P+2

P-2

Ὂ

Ὂ

ὊὝ

ὝȟὊ ὝȟὊ ὝȟὊ
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LiRA with MBs

14

ƴ Integrating MBs into a LiRA  Ą various combinations of standalone and self-bearing options are possible
ƴ Tilting controlof the movernecessaryĄ MBs alwaysat eachaxial end of a LiRA

ƴ Distancebetweenthe segmentsЎᾀ= linear stroke  Ą due to different PM arrangements in the mover
ƴ MB + R  Ą conventional;   MB + L  Ą interesting for further investigation!
[ref] Miriĺ, Spasoje, Dominik Bortis, and Johann Walter Kolar. "Design and comparison of permanent magnet self-bearing linear-rotary actuators." 2019 12th International Symposium on 

Linear Drives for Industry Applications (LDIA). IEEE, 2019.
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Topology Derivation
Bearing Force Generation

Inverter Supply Requirements

Linear Actuator with Integrated MBs
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Tubular Linear Actuator Derivation

15

ƴ Derivation of TLA   Ą tangential force for generating Ὕin RA, generates drive Ὂ force in TLA
ƴ TLA hasfewerstrayfield comparedto FLA due to the closedstructure

ƴ TLA hascircumferentialsymmetryĄ it cannot generatebearing(radial) force, i.e., noMBs arepossible
ƴ FLA can generate bearing force Ὂ, but there is an attraction force between the mover PMs and the stator iron
[ref] Miriĺ, Spasoje, Johann W. Kolar, and Dominik Bortis. "Novel tubular linear actuator with integrated magnetic bearing." e & i Elektrotechnik und Informationstechnik 139.2 (2022): 230-242.
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Tubular Linear Actuator (TLA)

16

ƴ Three-phase ring windings  Ą maximum usage of copper, no end winding
ƴ Ὠaxisalignedwith the peakflux densitywaveof the mover; —is the electrical angle in a linear direction

ƴ TLA can generate linear drive force Ὂ; bearing force Ὂ is not possible to achieve with the TLA
ƴ Ὠήcoordinated in a linear direction  Ą stationary coordinates representation of the three-phase winding 
[ref] Miriĺ, Spasoje, Dominik Bortis, and Johann Walter Kolar. "Design and comparison of permanent magnet self-bearing linear-rotary actuators." 2019 12th International Symposium on 

Linear Drives for Industry Applications (LDIA). IEEE, 2019.
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ὼώWinding for Bearing Force Generation/Control

17

ƴ A coil of the TLA split into 4 pieces, ὼ and ώ direction  Ą bearing force Ὂ generation possible
ƴ BearingforcegenerationcapabilityĄ dependson the linear positionof the mover/PM poles

ƴ Ὂ generation possible if PM is facing the stator teeth  Ą as long as there is non-zero flux linkage
ƴ Mover/PM linear position changes in during the operation of the actuator
[ref] Miriĺ, Spasoje, Dominik Bortis, and Johann Walter Kolar. "Design and comparison of permanent magnet self-bearing linear-rotary actuators." 2019 12th International Symposium on 

Linear Drives for Industry Applications (LDIA). IEEE, 2019.

ƴὨ current component in a linear direction needed
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ὼώWinding and Three-Phase ὃὄὅLinear Winding

18

ƴ Bearing force currents  Ą ¼Ὠ component½ in a linear direction, must not generate drive (linear) force
ƴ ὼώɀcurrent components (circumferential)  Ą determinedbythe desiredforcedirection

ƴ Ὥᶻ and Ὥᶻ calculated from the force components that should act on the mover (e.g., obtained by position controller)
ƴ —is the electrical angle determined by the mover½s axial position ᾀĄ — “ɇᾀȾ†
[ref] Miriĺ, Spasoje, Dominik Bortis, and Johann Walter Kolar. "Design and comparison of permanent magnet self-bearing linear-rotary actuators." 2019 12th International Symposium on 

Linear Drives for Industry Applications (LDIA). IEEE, 2019.
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ὼώὨήTransformation

18

ƴ τstationary components  Ą ὼώfor bearing force (rotary dir.) & Ὠήfor drive force (linear dir.)
ƴ Variable ὼcanbevotageὺ, currentὭor flux linkage‪

ƴ 12 phasewindings, but 6 phasequantities Ą windingson the same axisconnectedin series
ƴ Linear direction  Ą ABC ̧ three-phase quantities;  dq ştationary coordinates quantities
[ref] Miriĺ, Spasoje, Dominik Bortis, and Johann Walter Kolar. "Design and comparison of permanent magnet self-bearing linear-rotary actuators." 2019 12th International Symposium on 

Linear Drives for Industry Applications (LDIA). IEEE, 2019.

ὼώὨήTransformation

Inverse ὼώὨήTransformation
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ὥὦὧWinding for Bearing and ὃὄὅWinding for Linear Motion

19

ƴ Bearing force control with a three-phase winding ὥὦὧĄ ὼώcurrent components determine the Ὅand •
ƴ •- electricalangle for rotarydirection;  —̧ electrical angle for linear direction

ƴ Comparisonbetweenὼώand ὥὦὧwindingtype  Ą capabilityfor the bearingὊ and the driveὊ forcegeneration
ƴ Rotary direction  Ą ὥὦὧ̧three-phase quantities; ὼώ̧stationary coordinates quantities
[ref] Miriĺ, Spasoje, Dominik Bortis, and Johann Walter Kolar. "Design and comparison of permanent magnet self-bearing linear-rotary actuators." 2019 12th International Symposium on 

Linear Drives for Industry Applications (LDIA). IEEE, 2019.
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ὥὦὧὨήTransformation

20

ƴ ὥὦὧὃὄὅwinding, three-phase rotaryand three-phase linear  Ą 9 phasequantities
ƴ Bearing current component & Drive current component  Ą ὧέάὦὭὲὩὨor ίὩὴὥὶὥὸὩὨwindings
[ref] Miriĺ, Spasoje, Dominik Bortis, and Johann Walter Kolar. "Design and comparison of permanent magnet self-bearing linear-rotary actuators." 2019 12th International Symposium on 

Linear Drives for Industry Applications (LDIA). IEEE, 2019.

ὥὦὧὨήTransformation

ƴ τstationary components  Ą ὼώfor bearing force (rotary dir.) & Ὠήfor drive force (linear dir.)
ƴ Variable ὼcanbevotageὺ, currentὭor flux linkage‪
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ὼώὃὄὅWinding Inverter Supply

21

ƴ Bearing force and driving force function  Ą realized with the ὧέάὦὭὲὩὨor ίὩὴὥὶὥὸὩὨwindings
ƴ Combinedwinding Ą eachphasewindingcontainsthe bearingand the drivecurrentcomponents

ƴ Combined winding  Ą eachwindingneedsa dedicatedhalf-bridge; star pointswith the linear three-phase system
ƴ Separated winding  Ą anti-series connection of the bearing windings, no induced back EMF
[ref] Miriĺ, Spasoje, Dominik Bortis, and Johann Walter Kolar. "Design and comparison of permanent magnet self-bearing linear-rotary actuators." 2019 12th International Symposium on 

Linear Drives for Industry Applications (LDIA). IEEE, 2019.

ƴCombined winding, 12 half-bridges ƴSeparated winding, 9 half-bridges

Drive winding

Bearing winding
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ὥὦὧὃὄὅWinding Inverter Supply

22

[ref] Miriĺ, Spasoje, Dominik Bortis, and Johann Walter Kolar. "Design and comparison of permanent magnet self-bearing linear-rotary actuators." 2019 12th International Symposium on 

Linear Drives for Industry Applications (LDIA). IEEE, 2019.

ƴCombined winding, 9 half-bridges ƴSeparated winding, 12 half-bridges 

ƴ Bearing force and driving force function  Ą realized with the ὧέάὦὭὲὩὨor ίὩὴὥὶὥὸὩὨwindings
ƴ Combinedwinding Ą eachphasewindingcontainsthe bearingand the drivecurrentcomponents

ƴ Combined winding  Ą eachwindingneedsa dedicatedhalf-bridge; star pointswith the linear three-phase system
ƴ Comparison in terms of the bearing and the drive force generation capability  Ą combined versus separated windings
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Comparison of the Winding Types

23

ƴ Magnetically Levitated Tubular Actuator  (MALTA)
ƴ 2 modulesnecessaryto controlthe tilting of the mover

ƴ Comparisonwith respectto the driving forceof the conventionalTLA; ρυ7of copperlosses; fixed volume
ƴ ὥὦὧὃὄὅwinding or σ σphase MALTA  Ą the largest forces; the lowest number of the inverter half-bridges
[ref] Spasoje Miric, óLinear-Rotary Bearingless Actuators,ô, PhD Thesis, ETH Zurich, 2021.

abcABC xyABC abcABC xyABC

TLA Winding:
benchmark for 

comparison

Ą for 2 modules

ƴMALTA
ὒ φπÍÍ
Ὀ φπÍÍ
ὶ ςÍÍ
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Magnetic Design
18-phase Inverter Supply

Verification Measurements

MALTA Prototype Design
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Stator Design

24

ƴ Choice of the tooth width †and the tooth depth ὶĄ considering drive, bearing, pull forces
ƴ Scenario for the pull forcecalculationĄ the moversitting on the touch-down bearing(start-upof the MBs)

ƴ The driveand the bearingforcesĄ obtainedfor the maximallypossible continuouscopperlosses
ƴ Geometry parameters †and ὶĄ chosen such that the pull force is lower than the bearing force
[ref] Miriĺ, Spasoje, et al. "Design and experimental analysis of a new magnetically levitated tubular linear actuator." IEEETransactions on Industrial Electronics 66.6 (2018): 4816-4825.

ὶ ρρÍÍ

† σÍÍ
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Mover Design

25

ƴ Two mover types considered  Ą surface-mounted PMs (SPM) and interior PMs (IPM)
ƴ First step  Ą parameterrangecalculatedusingscalinglaws

ƴ CompromizebetweenperformanceparametersĄ drive/ bearingforcesand axial (linear) acceleration
ƴ The chosen IPM design  Ą axially magnetized PMs and iron rings allow for simplified manufacturing
[ref] Spasoje Miric, óLinear-Rotary Bearingless Actuators,ô, PhD Thesis, ETH Zurich, 2021.

Ὀ ςχÍÍ ὶ σÍÍ† ρπÍÍ† σπÍÍ

ƴPM geometry range from the scaling law: ƴFinal geometry parameters obtained by 3D-FEM:
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Eddy Current Losses

26

ƴ Short stroke linear actuator  Ą average/max. speed of the mover low to induce eddy current losses
ƴ Solid iron usedfor the coredesign  Ą final design check for the eddycurrentlosses

ƴ Average eddy current losses during the operationπȢχ7 Ą τȢχϷof the allowedcopperlosses
ƴ Long stroke actuators that achieve higher speeds  Ą should use low loss core, e.g., soft magnetic composite (SMC)
[ref] Miriĺ, Spasoje, Dominik Bortis, and Johann Walter Kolar. "Design and comparison of permanent magnet self-bearing linear-rotary actuators." 2019 12th International Symposium on 

Linear Drives for Industry Applications (LDIA). IEEE, 2019.

[ref] Jensen, William R., Thang Q. Pham, and Shanelle N. Foster. "Linear permanent magnet synchronous machine for high acceleration applications." 2017 IEEE International Electric 

Machines and Drives Conference (IEMDC). IEEE, 2017.

Maximum expected operation conditions:
ςπὫacceleration
σπÍÍstroke
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MALTA Hardware Prototype

27

ƴ Mover½s conductive sleeve  Ą mechanical protection & eddy current position sensing
ƴ Test benchwith positioningstagesand forcesensorsĄ machineconstantmeasurements

Ὑ ρȢυρ+Ⱦ7

Ƹ Thermal

† σπÍÉÎ

ƸMagnetic
ɰ ψȢυÍ7Â
ὑ χȢφ.Ⱦ!
ὑ υȢω.Ⱦ!

Measurements:
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MALTA Inverter Supply

28

ρχυÍÍρψυÍÍ

ƴ Specifications
ςτphases (ψ σphase)
DC link voltage: τυ6
DC link capacitance: τ ςςÍ&(buffer braking energy)
Power Semi.: ψπ6ȟρπ!ȟρυÍɱ
ς position sensor interfaces
Control Board: ZYNQ, Z-7020 (156 digital IOs)

Current measurement:
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MALTA Hardware Prototype Measurements

29

ƴ Measurements: flux linkage, force constants, thermal resistance  Ą prototype characterization/model verification

Ὑ ρȢυρ+Ⱦ7

Ƹ Thermal

† σπÍÉÎ

Ƹ Magnetic

ɰ ψȢυÍ7Â

ὑ χȢφ.Ⱦ!

ὑ υȢω.Ⱦ!

ὖ ςπȢυ7

ƴ FluxlinkagemeasurementĄ measureinducedback EMF and integrateto get the flux linkage
ƴ Force constant measurement  Ą apply known current and read the force sensor
ƴ Ὑ measurement (wdghot spot to ambient)  Ą apply known losses and read the built-in NTC temp. sensors
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Bearing Force Constant, Decoupling of Bearing and Drive Forces

30

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

ὑ υȢω.Ⱦ!, measured range υȢφ.Ⱦ!ɀφȢςφ.Ⱦ! Decoupling of the bearing and the drive force generation!
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Attraction/Pull Constant ὑ (Pull Force)

31

ƴ Extremely important parameter for the control system design and implementation
ƴ ὑ (also ὑ ) determines poles of the mechanical dynamic model of the mover

ὑ ψȢσσ.ȾÍÍ

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

Touchdown
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Operating Principle
Driving Electronics

Geometry Optimization

Position Sensor



/ 100

Position Sensing ̧Linear & Radial

32

ƴ Sensing locations at the axial ends of the actuator  Ą SP1 and SP2
ƴ Linear position Ą Hall-effect-basedsensors, displaced“Ⱦςelectrical

ƴ Radial positionsensorĄ eddy-currentbased; conductivemoversurfaceis a sensingtarget
ƴ Advanced eddy-current sensing techniques  Ą later in the tutorial, blood pump part

Ὤ Ὤ Ὤ Ὤ Ὤ ȾτὬ Ὤ Ὤ Ὤ Ὤ Ⱦτ

— ÁÔÁÎςὬ ȟὬ

ᾀ
ὒ

“
— Ὧɇς“

Axial/Linear Position:

Eddy-current
sensor
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Eddy-Current Based Position Sensor

33

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

ƴ Anti-seriesconnectionof pick-upcoilsof the same axis Ą (ὒ ᴾὒ )  and (ὒ ᴾὒ )
ƴ At center position ind. voltage of anti-series connection is zero; it is non-zero if there is mover displacement

Pick-up coil

Injection coil

‫ σ-(Ú, Ὅ ρππÍ!

Ὥ Ὅ ÓÉÎ‫ ὸ


