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Application: AerospaceVibration Assisted Drilling of CFRP–Titanium–Composites

CFPR

Titanium

© LTI Motion GmbH, IWT Bremen, Walter Tools

Conventional
Drilling

Example: KEBA LeviSpin

"6D Drilling"

Vibration Assisted
Drilling

Radial: Maximization of bearing stiffness
I Low inductances and voltages, fast controllers
I Maximization of bandwidth of current control 4. . . 5 kHz z Eddy currents
Axial: 100Hz–vibration with 10μm precision z Eddy currents
How do eddy currents affect the macroscopic leakage and fringing flux distribution?
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Active Magnetic Thrust BearingWorking Principle
Combined active radial- and thrust bearing
Focus: Thrust bearing with nonlaminated core
Homopolar pm–bias flux Φb
I Constant for small displacements
I Evenly distributed between both halves of thethrust bearing, back iron over radial bearing
Homopolar control flux Φx with toroidal coil andcontrol current i
I Linear behavior achieved by differential principle::

F = kGeo · Φv · Φx
z F ∼ Φx

Figure: Cross–section through active magnetic bearing
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Active Thrust BearingMagnetic Field
Commonassumption: F ∼ Φx ∼ i with Φx =

LhN i z Current control
Condition: Neglectable eddy currents (for radial bearings w/ laminated cores)

But: Eddy Currents require additional magnetizing current
z Magnetic skin effect caused by eddy currentslowers inductance for high frequencies:L = Leff(jω) and not L = Lh = const.
Correct: F ∼ Φx ∼ iμh ̸∼ i with Φx =

˛̨̨̨Leff(jω)N
˛̨̨̨
i

z Flux control
Problem: Φx is not known to the controller
z Fractional–order flux estimator

~Hh
~HG

~HK iμh
iμe

~E
~Je u

iμh
force–

relate
d

iμe
eddy currents

i
measu

rable

t

i i = iμh + iμe

`RCu ≪ ωL, t ≪ Th´
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Magnetic Bearing ControlCurrent control with direct current measurement
Problem: force–generating current iμh cannot be measured and is unknown to the controllers
Assumption: imeas = iμh is only valid in quasi–stationary state

((((((((((((feddy currents ≫ fposition control
z Lh ≈ Leff

Consequence: Decrease of dynamic, bandwidth and stability of the position control

f∗ 1
ki

i∗μh ei PI u∗ Vt1+ sTt
u 1

RCu + sLh
iμh ki f

invertercurrentcontroller current plant

1
RCu + sLeff(s)

E imeas

-
Assumption:imeas = iμh

bearing: simulation/experiment

no feedback of force generating current

RCu . . . coil resistanceLh . . .main inductanceLeff . . . effective inductance
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Magnetic Bearing ControlFlux Control with Flux Estimation
Solution: Determination of flux from measured coil current with flux estimator
Ansatz: Modeling of eddy currents with frequency–dependent effective inductance Leff(jω)
Optional: Consideration of leakage and fringing fluxes (stationary)
Controller design: small time constant Tt + large time constant Th z Amplitude Optimum

f∗ 1
kΦ

Φ∗x eΦ PI u∗ Vt1+ sTt
u Th,f/N1+ sTh,t

Φx kΦ f
inverterflux–controller current–, flux–plant

Φx est 1
RCu + sLeff,t(s)

Th,f/N1+ sTh,t
RCu + sLeff,t(s)1 imess

-

bearing: simulation/experiment

Keine Rückführung des kraftbildenden Stroms

flux–estimator
t → total fluxf → force rel.-flux
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Modeling – What is included?Effective Inductance
Eddy currents: Solving of diffusion equation
B
R dA
===⇒ Φ N ix‹Φ

=====⇒ Ri
P

Ri
====⇒ Reff

N2‹Reff
======⇒ Leff

z Sum of fractional transcendent systems f (pjω)
Saturation: Coefficients of flux estimator cannot beimplemented dependent on current load
z Choice of pre–defined relative permeability μraccording to current load point. z ISMB17
Hysteresis: Fractional All–Pass Filter
Frequency–dependent consideration for single load point
z High effort, little benefit
Leakage and fringing fluxes: reluctance network (RN)
Flux distribution heavily depends on magnetic skin effect
z Hardly representable with RN over entire bandwidth z Stationary correction factors?

0Hz 20Hz
Figure: Magnetic circuit of thrust bearing separated into part reluctances
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Determination of Full Reluctance Network (Static)
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Analytical calculation of core reluctances (high accuracy)
Computed of Leakage/fringing reluctances by solving of SLE
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Simplification of Full Reluctance Network (Static)
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0) Static analysis of impact of leakage andfringing flux paths

1) Neglect passive stray flux over coil
2) Combine fringing reluctances outsideand inside of air gap
3) Split leakage reluctance over both airgaps and combine with leakage-to-shaftreluctances
4) Assume symmetrical air gaps
Result: All fringing and leakage reluctancesattributed to air gap reluctance
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Simplified Reluctance Network (Static)What is the purpose of the network?
Determination of force: Lh f
b)

RaiL ˘gi 2 ·Rgi ˘f
Rdi RaiR

˘fl
gi 2 ·Rfl

gi

˘ff
gi 2 ·Rff

gi

RrL RcoL Rao

ˆ

˘t
RcoR RrR

RciL RciR

Distinction between total and force-generatingflux necessary z flux divider
Lh f = kυσ f · N2ΦfΘ = 1.043 · Lh

Determination ofmeasurable current: Lh t
a)

RciL RaiL R′
gi Rdi RaiR RciR

RrL RcoL Rao
ˆ

˘t

RcoR RrR

Most simple network is possible
Lh t = kυσ t · N2ΦtΘ = 1.098 · Lh

Conclusions:
z Unexpected: kυσ > 1 z presence of fringing and leakage fluxes actually increases force!
Cause: Fringing more dominant than leakage z Most likely general rule for similar thrust bearings

z Both factors kυσ t and kυσ f differ significantly and should be considered separately!
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Frequency–dependent flux density distribution

0 ≥57,9mTB in T

0Hz

0 ≥29,5mTB in T

20Hz

0 ≥15,1mTB in T

200Hz

Figure: Flux density distribution in the core of the thrust bearing without permanent magnets for various frequencies, displayed flux density limit is kept constantat 1 T , displayed flux density limit is set to mean value inside air gap when exited with1A
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Frequency–dependency of leakage and fringing fluxesInfluence of the magnetic skin effect
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Change of behavior above 100Hz:
Leakage flux swirls crossing entire coil are notnegligible anymore
z Network simplifications barely possible
z Not usable in real–time control systems
Leakage and fringing fluxes close to shaftdisappear... close to the coil they are amplified
z Complete shift of flux distribution
z Little impact on total flux Φt, as effects canceleach other out
z Force-related flux Φf calculated by networkbasically becomes meaningless

No known approach to consider the influence of magnetic skin effecton leakage and fringing flux distribution
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Frequency–dependency of leakage and fringing fluxesError of Reluctance Network (RN) to FEA
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Conclusion
Motivation:

F ∼ Φx Φx ∼ Lh · imeas State ofthe art
Φx ∼ |Leff(jω)| · imeas

u
iμh
iμe

imeas

∼ forcemeas
urabl

e

∼ eddy currents
t

i

z Position Control with underlying flux control
and fractional–order flux estimator

z Aim: Improvement of estimator by includingleakage and fringing fluxes
z Siginificant Impact: 5% on Lh f and 10% on Lh t | Leff t (Accuracy)

G′FE(jω) = Φf est(jω)imeas(jω) =
Lh fN|{z}

force–related: field
·

measurable: magnetizing currentz }| {RCu + sLeff t(jω)RCu + sLh t| {z }magnetizing current

Literature sugguests: Reluctance Networks (RNs), but:
Although accurate for static case, only insufficient consideration of magnetic skin effect
Challenging to calculate (analytically), inefficient to implement in real–time
Constant correction factors with higher accuracy over entire frequency range
z Correction factors are simple, accurate and efficient!
z If FEA is available: Reluctance Networks have no practical benefits! Are they obsolete?

Assumption
Correct
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Actually, it is not that complicated...

with the Riemann-Liouville definition:
Dαf (t) = 1Γ(1− α) ddt

Z t
0

f (τ)(t − τ)α dτ
one determines the half derivation of t2:

0tD 12 (t2) = 1
Γ(1− 12 )

ddt
Z t
0

τ2
(t − τ) 12 dτ = 8t 32

3√π
Thank you for your attention!
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