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%mech,avg,LA = 3.6W

%mech,avg,RA = 100mW
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%mech,avg,LA

%mech,avg,LA + %mech,avg,RA
= 97.3 %.
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%Cu,RA = 0.1W
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:FeCu
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`r = 4000

� 1.6 T

:� = 0.6

fCu,� = :� fCu = 3.4MS/m
�c = 1000 kA/m
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`r 4000

�sat 2.2

fCu,� 3.4

:� 0.6

�c 1000

`PM 1

;PM 5

:shoe 0.8
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UPM,2 25

3ag
3PM
3Cu
:FeCu
3Fe
3bi
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%Cu,tot �ax (irot, Imov)
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�ag 3Cu :FeCu

�Cu,0

%Cu 3 ×



3ag [1, ..., 2] 0.5
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(a)

Translator

Lin. stat. Rot. stat. 2

Rot. stat. 1
Rotor 1

Rotor 2

(b)

*DC,lim = 26V

*{a,b,c},lim = *DC,lim/2 = 13 V

#R = 305 �Cu,0

:� = 0.61

�̂inv = 49.2mA

'c = 6.4Ω !c = 6.9mH

Dq,{a,b,c},1 (C)

k{a,b,c},1 (C)
*q,max = 3.28V

!c 5op = 5Hz

D{a,b,c} (C) = 4'c 8{a,b,c},R (C) + Dq,{a,b,c} (C)
*max = 4.35V < *{a,b,c},lim



3PM = 1.5mm

<rot = 48 g

<mov = 148 g <tot = 244 g

0.1W

%Cu,RA,max = 0.5W
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Rag 3tol
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3ag +3PM 3tol Rag



PMθ

agφ

agR
agR

(a) (b)

tol,+R

told told

agd

PMd

toothA shoeA

tol,+RFeR biR

Stator Rotor

tol,+R

agR

0)→( 0)→(

biR

0)→(
FeR

0)→(

agR

tol,+R

Rtol,+

Rag Rtol,+
�tooth

�shoe

Rtol,− =
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I

Stator fixtureTorque sensor

StatorRotor
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Lin. pos. stage

Rot. pos.
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Rotor fixture
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5◦ 0◦ 180◦ "in (irot)

180◦

irot



8{a,b,c},R �̂rf
5rf = 0.04Hz "rf (C)

�̂rf "rf (C) 5

"sens,nfr = 3mNm �̂rf = 0.2A
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�̂rf = 0.1 A 11 %

irot = 35◦ 65◦

"in,avg = 6.75mNm

1.5 %

:m = "in,avg/�̂rf = 33.75mNm/A
%Cu = 6'c ("req/:m)2 = 324mW

3.1mNm

324mW 8.7W
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∬
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3V 5V

I = 0mm

I 338mV/mm I = 0mm 54.8mV/mm

I = 8mm I

Dsin Dcos 10
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I
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5signal = 5exc %

5signal

Δ5 ≈
5 2
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%
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% 5signal

5BW ≈ 5signal
1

%
.
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30 m
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Linear pos. stage

Rotary pos. stage
Sensor PCB

Target

Non-conductive

mount

360◦

I

i

Dsin Dcos
10 1024

i

I = 8mm Dsin Dcos

i ierr,max = 7◦

I

I 1.42V/mm I = 0mm 0.16 V/mm

I 1.42 0.16 V/mm 750 46.4 kHz/mm

I 3.39 30 m 6.75 90.5 nm

I 10 kHz 100Hz

i 3.75 7 ◦ 3.84 4.58 ◦

i 10 kHz 10 kHz
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Option 1 Option 2

[mm]zLinear Position [mm]zLinear Position
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10 kHz
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Dsin Dcos
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46.4 kHz/mm I = 8mm
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Δ5 (I = 0mm) = 0.005Hz Δ5 (I = 8mm) = 0.004Hz
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Dsin Dcos
Dexc Ddiv 5exc

5op = 5Hz

2.5 V Dsin Dcos
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]
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I (C) i (C)
I = 0mm I = 16mm

Dsin Dcos



I = 16mm

100 m 5◦

≥ 100Hz
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'c,lin = 2.2Ω !c,lin = 4.7mH 2

'lin = 2 · 'c,lin !lin = 2 · !c,lin
12



Enclosures
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'c,rot = 6.4Ω !c,rot = 6.9mH 4

'rot = 4 · 'c,rot !rot = 4 · !c,rot

:LA =

22.9N/A :RA = 33.3mNm/A
k{a,b,c},{lin,rot}

i{S1,S2} = atan2 (Dsin,{S1,S2}, Dcos,{S1,S2}),



;ax 105

3out 70

;p 78

3p 48.72

;mid 40

3io 12

3encl 0.5

3bg 140

3ag,min 1

Istrk 8

�req,peak ≈ 43

"req 3.1

�rad,max 25

5op 1.5 5

Ωop 90 300

ΔΩop,max 20

2.5 9
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Δ)max 2

I{S1,S2} = 5�t
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D2
sin,{S1,S2} + D2cos,{S1,S2}

)
,

5

5sens = 10 kHz
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<mov 0.248 kg

1lin 1 N s/m
�mov 70 kgm2

1rot 10−4 Nms/rad
'lin 2 · 2.2 Ω

!lin 2 · 4.7 mH

'rot 4 · 6.4 Ω

!rot 4 · 6.9 mH

:LA N/A
:RA mNm/A
gpp 24

% 4

Ψ̂PM,lin 70 mWb

Ψ̂PM,rot 7.3 mWb

!f 22 H

�f 10 F

'f 2 Ω

Imov imov

Chold
Imov = ±Istrk

Chold =
ihold

360◦
1

5op
,

ihold
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A D

tolz·2

tolϕ·2

Itol = 1mm itol = 5◦

imov = [153◦, 207◦]

ihold
3io = 12mm

28◦

imov = {0, 180}◦ 27◦

13◦ imov = 180◦

imov = 0◦

imov = [153◦, 181◦]
imov = [179◦, 207◦] ihold = 2 · 10◦

18◦ imov = [170◦, 190◦]

ierr,max = 9◦

imov = 188◦

imov = 172◦ 2◦

ierr,max

ierr,contr = iref − imeas

ierr,meas = imeas − imov ierr,max =��ierr,contr,max

�� +
��ierr,meas,max

����ierr,meas,max

��
= 4◦

itol =
��ierr,contr,max

��
= 5◦



imov = [153◦, 207◦] imov = [0◦, 27◦] ∪ [333◦, 360◦]

Chold

3mm

Imov = ±Istrk

Itol =
��Ierr,contr,max

��
= 1mm

C

I

<mov

d2I

dC2
=

1

<mov
�tot =

1

<mov

(
�I + �cogg − �fric − �load

)

É �I

É �cogg



(b)

(a)

)s(zGzF

loadF

movz

movz

(c)

movϕ

movϕ

axM

coggM

)s(ϕG

z
x

y

mov, Jmovm

EP ϕ
totM

totF

E
P

E Imov imov

I

�load i

"cogg

É �fric �fric = 1lin
dI
dC

1lin

É �load
Imov

d2I
dC2

= 0

I = Iss = const Iss ∈ [−Istrk, Istrk]
�z,ss = �load

�z (B) =
/ (s)
�z (B)

=

1

<mov B2 + 1lin B
,

∀Iss ∈ [−Istrk, Istrk] �z _z,1 = 0

_z,2 = −1lin/<mov



i

�mov

d2i

dC2
=

1

�mov
"tot =

1

�mov

(
"ax +"cogg −"fric −"load

)

É "ax

É "cogg

imov

É "fric = 1rot
di

dC
1rot

É "load

d2i

dC2
= 0

i = iss = const iss ∈ [0, 2c]
"ax,ss = −"cogg +"load

�i (B) =
Φ(s)
"ax (B)

=

1

�mov B2 + 1rot B
.

_i,1 = 0 _z,2 = −1rot/�mov

Ds,{a,b,c} = '{a,b,c} 8s,{a,b,c} + !{a,b,c}
d8s,{a,b,c}

dC
+ Dq,{a,b,c},



É Ds,{a,b,c} 8s,{a,b,c}

É '{a,b,c} !{a,b,c}

É Dq,{a,b,c} =
dk{a,b,c}

dC
k{a,b,c}

�z "ax

\el =

{
oel =

2c
gpp
Imov

iel = % imov

,

gpp %

3@

Ds,{d,q} = '{d,q} 8s,{d,q} + !{d,q}
d8s,{d,q}

dC
+

∓d\el

dC
!{d,q} 8s,{q,d} +

dk{d,q}
dC

− d\el

dC
k{q,d}

︸                                                  ︷︷                                                  ︸
u�,{d,q}

.

('d, !d) = ('q, !q) =
{
('lin, !lin)
('rot, !rot)

,

(kd,kq) =
{
(Ψ̂PM,lin, 0)
(Ψ̂PM,rot, 0)

,

k{a,b,c}
3@

D�,{d,q} 3 @

�c,{d,q} (B) =
1

!{d,q} B + '{d,q}
,



!�

�PE (B) =
1

)PE B + 1
,

)PE

�LC (B) =
1

!f�f B2 + !5
'5
B + 1

,

!5 �5 '5

(c)

(a)

(d)

(b)

ai

bi

ci
cu

bu

au

a,qu

b,qu

c,qu

aR aL

bL

cL

bR

cR

)s(d,cG di

qu

du

dqL

dqL
td
elθd

qi)s(q,cG

PMΨ̂

d

d

q

q

3@

\el



dq

abc
elϑ

Current

Controller

Lin. Pos.

Controller

Inverter LA

Outer Control Loop

Inner Control Loop

dqu abcu
refz

ref,dqi

dqi abci

measz

LAk

ppτ

π2

dq

abc

Current

Controller

Rot. Pos.

Controller

RA

Outer Control Loop

Inner Control Loop

dqu abcu
ref,dqi

dqi abci
RAk

refϕ

Lin-Rot

Ref. Gen.

Inverter

elϕ

measϕP

3@

3@ 3@

8{d,q},err = 0.05A 8{d,q},err = 0.05A

lc = 2c 600 rad/s lc = 2c 600 rad/s
D{d,q},lim = ±13 V D{d,q},lim = ±13 V

I i

Ierr,max = 1mm ierr,max = 5◦

lz = 2c 150 rad/s li = 2c 80 rad/s
�lim = ±:LA 2.7A "lim = ±:RA 0.5A
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 PI,c (B) = :p,c + :i,c
1

B

�c,tot (B) ≈ �c (B) !�

lc = 2c 600 rad/s �LC (B) �PE (B)
1

!c (B) = �c (B)  PI,c (B)
lc = 2c 600 rad/s

qc = 50◦

 PI,c (B)

@ 8q,nom = 2A

5op,max = 5Hz 3 8d,ref = 0A

@ 3



(a)

)s(cG
-

-

meas,}q,d{i
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in

dqL
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8q,ref = 2A sin(2c 5 C) 8d,ref = 0

D{d,q}

I

lz

 PID,z (B) = :p,z + :i,z
1

B
+ :d,z

B
1

:f,z
B + 1

,

¤Iest
¤(★)

d(★)/dC
Iest

�I = :p,z (Iref − Iest) + :i,z
∫

(Iref − Iest) dC + :d,z ( ¤Iref − ¤Iest),

Iref ¤Iref

Iest
¤Iest
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Disturb.
Observer

estz

estż
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I lz

5 · lz

lz = 2c 150 rad/s
lz,ref = 2c 5 rad/s

5Hz

lz/3 = 10 ·lz,ref = 2c 50 rad/s
�load

lz,dist = lz,ref

�̃load = 33N

�load I

lz = 2c 150 rad/s qz = 30◦

�z(B) =
�z (B)

1 +�z (B)  PID,z (B)

�load = �̃load sin(2c lz,dist)
Idist =

���z ( 9 lz,ref )
�� · �̃load = 0.21mm

�� �load
�� ≈ �load

�load

��

�z (B)
�dob �load

�z (B)

& (B) =
(
ldob

B + ldob

)@



-8

-4

0

4

8

L
in
.
P
o
s.

z
[m

m
]

-1

0

1

E
rr
o
r
z
er
r
[m

m
]

0 0.05 0.1 0.15 0.2

Time [s]

-50

-25

0

25

50

A
x
ia
l
F
or
ce

[N
]

w/ DOB w/o DOB

(a)

(b)

loadF

dobF

zF

�load �z
�dob

@ �−1
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�load
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Istrk = 8mm

Ierr

Ierr
Ierr,max = max(|Ierr |) = 0.57mm

Ierr,max = 0.37mm
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�load
�z �dob

�load

i

I

li = 2c 80 rad/s iref
2c 5 rad/s

qi = 40◦

"cogg

I "cogg

"� ≈ "cogg

�load

iref
ierr ierr,max =

max( |ierr |) = 0.57◦ "cogg

"z

"cogg

ierr

5ex = 1/)ex
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I i

:p 6.18 · 104 N/m 7.80 Nm/rad
:i 4.24 · 106 N/(ms) 2.83 · 102 Nm/(rad s)
:d 2.25 · 102 N s/m 5.37 · 10−2 Nms/rad
;11 9.89 · 103 1/s 5.28 · 103 1/s
;12 2.44 · 107 1/s2 6.94 · 106 1/s2
5ex 10 kHz 10 kHz

3@ 3@

:p 2.41 · 101 V/A 3.16 · 101 V/A
:i 9.76 · 104 V/(A s) 1.63 · 105 V/(A s)
5ex 20 kHz 20 kHz



54mm

5 5mm

*DC,max = 26V

*DC 5A

'ds,on = 240mΩ

2m

!�

!f
5sw

Δ8Lf ,max =
*DC

4 5sw !5
< 0.3A.

!f
5sw 5sw = 1MHz

!f = 22 H !�

5LC = 10−2 · 5sw = 10 kHz �f = 10 F

'f = 2Ω

Dsh 'sh = 30mΩ

�csa = 20V/V
10 5V



8res =
1

'sh�csa

5 V

210
= 8.1mA.

(c)

(a)

(b)

Aux. 5 V 
supply

LC output filter 
(inductors)

Current sense ampl.

Phase connections

Pos. meas. ADCs

Curr. meas. ADCsControl 
module

ADC

3-φ Inverter module

26 V DC

Power & Control Unit

Driveline

Implant
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fC

fC

fC

fC
fR

fR

+

−

csaH

ADCcsaH

shR

shR

54mm



12mm



Contr. load (LinMot)Rigid linear
coupling

Rigid linear
coupling

Ball bearing

ShuttlePump

LiRA

Baseplate

Bumper

Lin-rot 
sensor 1

Lin-rot sensor 2
(interface)

Lin-rot sensor 2
(coils)

Vert. pos. stage

Phase connections

LiRA fixture

Mover
mount

Sensor
support

Target
support

Alu shaft
POM bearing lids

POM bearing
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(b) (c)
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Imov

Iref
Ierr,max = 0.38mm �z

@ 8q,z
@ @

I<>E = 0

Imov

imov iref
ierr,avg = 4.7◦ ierr

±5◦

8q,i

8q,i,avg = 0.22A

7.4mNm

ierr
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@ 8q,z ±2A
46N

ierr ±5◦

Ierr,max = 0.89mm Ierr,max =

1mm

1mm 5◦ 5Hz

45N
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(a)

(b)
Stator
housing

Eddy-Current
Sensor (ECS)

Mover
enclosure

Measured
distance  

Stator

Mover

δ

X 0 2 mm

10 m

5bw > 10 kHz

3c 11.5 mm

0.2 0.5 mm

10 100 kHz



X ft
`r,t 3t

`r,t ≈ 1

�c

ft
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X



/c,in (l, X) X

/c,in (l, X)

/c,in (l, X) = 'c,in (l, X) + 9l!c,in (l, X)
'c !c

't !t
l "ct = :ct

√
!c!t

:ct (l, X) "ct (l, X)
:ct (l, X) l X

/c,in 'c,in
!c,in

'c,in (l, X) = 'c +
l2"2

ct

'2t + l2!2t
't = 'c + 'c,var (l, X),

!c,in (l, X) = !c −
l2"2

ct

'2t + l2!2t
!t = !c + !c,var (l, X).

l 'c,var (l, X) !c,var (l, X)
/c,in = 'c + 9l!c

'c,in !c,in X

lco = 2c 5co =
't

!t
,



Target

Eddy currents

(a)
t,r, µtσ

δ

td
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coil

I, ωˆ

)ω, δ(in,cZ

(b)

z

Lc

I, ωˆ Rc
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0.5mm 5exc = 430 kHz
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)2
't = :ct (l, X)2!clco,

!c,var (l → ∞, X) = −
(
"ct

!t

)2
!t = −:ct (l, X)2!c.



5exc 5co

X : (5exc, X)
X X : (5exc, X)

'c,in !c,in
lco

't
!t !c

ft 3t lco

5exc

't

5co
'c,var (l, X) !c,var (l, X)

0.5mm

X 0mm

0

0.1
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Shield

0.0
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2

1

0
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Stainless Steel 0.5 mm
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D
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R
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v
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R
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D
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