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Can energy directly be harvested from permanent
magnets?
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Abstract

With regards to classical Electromagnetic (EM) Theory, a purely analytical approach with verification
and validation isfollowed for describing and measuring asymmetric incommensurable torque (AIT) signals
arising out of magnetic attraction and repulsion using moving 2D and 3D current loop structures.
Validation is done statically, by comparing the nonlinear analytical EM spring with its measured
counterpart and dynamically by showing an angular path and velocity difference of more than 1rad and
8rad/s by flipping the EM spring from its unstable position in clockwise and counterclockwise direction.
Where the energy comes from, cannot yet be determined and only a hypothesis about the energy source
can be given.
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l. Introduction
Permanent magnets are often modeled with current loops using methods like Biot- Savart [1] or
Lorentz Force [2] approach and others [3]. The idea of using current loops for modeling PM is a common
practice [4] for describing analytically magnetic fields to avoid a computational intensive FE approach.
The analytical approach is also often used in lumped parameter models of kinetic energy harvesters
(KEH), [5-7]. A new Kkind of KEH device that allegedly transfers magnetic field- in mechanical-energy
has been patented in Europe in 2008 [8] and a modeling attempt was made in [9].
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Fig. 1. PM modeling by means of current loops (shown in yellow, Al1-3, Ihs). Revolving rotor with disk
PM’s (in the middle, B). On rhs, C, generated torque signals due to nonlin. EM springs

In this manuscript, such devices are called magnetic energy harvesting (MEH) systems, as the
primary source is magnetic energy, not Kinetic energy (in contrast to the used nomenclature of [9]). Fig. 1
shows major components in this manuscript. In the section A different exemplarily PMs are shown (Al
shows a cylindrical shell PM, A2 a flat disk PM and A3 a cylinder PM). These PMs are modeled with
direct current (DC) loops, see also following chapter Il. In the middle, the setup is shown on which the
created B-field from the stator PM (or the current loops, e.g., coil) will create forces on the rotor coil.
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These forces create a torque signal t4(¢) using shown degree of freedoms (DoF’s) ¢, r and z (Fig. 1, B).
Three such generated torque signals (Fig. 1, C) are named symmetric commensurable-torque t4.(¢)
(shown in blue), asymmetric commensurable-torque t,.(¢) (depicted in orange) and asymmetric
incommensurable-torque t,;(¢) (shown in red). The latter signal form is also called AIT signal. The
naming nomenclature underlines the geometrical form of such nonlinear EM springs regarding the ¢ /
75(¢) diagram in Fig. 1 C. The EM spring is active in the interval from y_ to y, angle and the instable
point shown here in the origin at zero, marked also as y,. Exemplarily the maximum torque is shown with
Tmax OCCUITING at angle y,,,,. By using classic EM theory, it is shown that such AIT signals arise out of
magnetic attraction and repulsion using moving 2D and 3D current loop structures.

Two calculation flaws could be found in a previous attempt to describe purely analytical AIT signals [10],
that claimed also an energy excess in MEH systems based on approaches in [1, 2]. Validation of AIT
signals is a key step for further research activities, which will be, most prominently, inve stigation of the
energy source.

AIT signals can be analytical generated using Maxwell Stresstensor calculations and approximation
models using Fourier Series [9], [11] as well as other approaches shown in [12].
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Fig. 2. Classification of MEH systems

Fig. 2 shows some common system configurations that are suitable for transferring magnetic
energy in mechanical energy. In the category ‘Resonant Systems’, multi degree of freedom systems are
shown that exhibit most interesting resonant phenomena. In the first subcategory ‘2DoF Systems’, a
rotational DoF coupled with an axial DoF can exhibit parametric resonance, described first in [9] and
might be also a model for [8]. Instead of a lateral movement, also a radial movement can be envisaged
exhibiting similar resonances as shown in [8]. Also, conceivable is a system with two rotational DoF’s in
series, where both DoF’s are coupled by torsion PM springs. Another possible system, shown in the
subcategory ‘3DoF Systems’ could have more than 2DoF’s, in which a more complex resonance
synchronization process is in place. In the category ‘Nonresonant Systems’ a plethora of possible MEH
system-geometries can be envisaged. The first subcategory ‘SDoF Systems’, the geometry of the PM
spring is crucial to create AIT signals. Attempts by the author to create and measure such systems failed.
A second subcategory (‘SDoF Systems with constrained force’) carries SDoF systems with constrained
force(s). In the latter belongs also a system with rotational- and a constrained lateral-movement, as
presented in [11] as well as a cogwheel system shown in [12]. Another simple MEH system, has a radial
constrained force which is modeled and validated in this manuscript.

Validation of AIT signals are challenging when using two degree of freedoms or a single degree of
freedom system with a constrained force, as the mechanical precision for manufacturing the partsis high er
and mechanical friction is higher than using a simple SDoF model without constraining force (Appendix
E.). It is of great help to find suitable PM structures and trajectories using an analytical model.

1. Modeling PM Situation

2.1 General remarks of PM modeling

A common practice is to model a PM with one or several filamentary DC current loops. In such a
model, mutual inductance between the current loops is not considered. The simplest PM to model is a
circular filamentary line, e.g., one single current loop. The second simplest structure is a cylindrical shell
(a 3D structure; Al of Fig. 1, Al, shown with three current loops) or a flat disk (a 2D structure; Fig. 1,
A2, shown with two current loops). Another geometrical structure that can be modeled is a cylinder PM
(a 3D structure; Fig. 1, A3, shown with three current loops) as well as many other shapes.

All shapes considered in this investigation are based on circular current loops with a uniform
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current density. All examined shapes were modeled with a realistic shape structure, that exhibit a B-field
which can be created by superposing multiple, of the shelf commercialized, PM structures. The force or
torque of two PMs can be calculated using Lorentz force law
Frag = ¢(E+ (vXB)) = g(v x B) (1.1)

where F,, is the resulting force, E the electric field-, B-the magnetic field- and v the point charge q
velocity trajectory-vector. As in these MEH systems, velocities are extremely low in respectto the speed of
light, E can be disregarded (which is always assumed in calculations for electrical machines, see for
instance [13]). Generally, magnetic forces will do no work (Q,,,,4) on isolated electric charges [14], since

Qmag = j Finag - dl d—>"v°dtj q(v X B) - vydt = 0 (112)
the result in Equation (11.2) follows when v and the created path velocity vector v, are equal, which is
always the case using a point charge. However, for the PM-based MEH systems proposed in this paper, we
show that the calculated total magnetic work Q,,,, is unequal zero by applying a (a) well-deliberated
closed trajectories I and (b) instead of a point charge, an extended area or volume charge (see current loop
structures of Fig. 1, lhs, Al...3). So, in contrast to equation (11.2),

Qmag = 7§ Frag - dl # 0 (1.3)
r
This result is validated by simple experiments shown in detail in chapter IV.

2.2 Analytical static torque modeling

In this section, all equations are presented to generate the analytical torque and energy signals
using fundamental EM theory. These equations are applied on basic PM structures simulated in chapter 1l
and validated in chapter IV.
2.2.1  Structure of the modeling setup

Modeling setups for two basic PM geometries in Cartesian coordinates are shown in Fig. 3. Both
structure setups have the same nomenclature and show principally the same model. The only difference is
the number of circular current loops for modeling the stator PM (called primary loops shown in blue) and
the geometrical shape of the rotor PM (called secondary loops shown in green) formed with a different
alignment of circular current loops. The center of each primary loop is called Cp,, ,, with the PM
structure center of mass location at x = 0, y = yP and z = 0 of the reference frame origin C,
(assuming all primary current loops form one rigid stiff body).

Primary loops
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.

Ye
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(rotor; moving

CD /¢J\‘ with q;'@ny]
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loops are rotating in the x-y frame (center of rotation at P,,.,,) with angle ¢ and might move translatory
with a cam movement z4,, of

Zean (0) = zo + 2, sin(0 + &) (1.4)
having an offset angle &,, an offset distance z, and a harmonic amplitude z, (see also Fig. 1, B, where
degrees of freedom are shown in red as ¢, r and z). The angle 8 moves synchronously with the rotor
rotationangle ¢ (8 = ¢) or aradial (in plane) movement like

(1
lycos (6 — arcsin (£ cos(6)
Team (0) = lpy + - ( COS(B)(IO )) (1h5)

Such a radial cam is a rotating piston like movement, see also lumped parameter model Fig. 5.
where [, denotes the eccentricity (crankshaft radius), [, the rotor lever, I, the rotor piston extension and
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angle 6, a synchronously movingrotor rotation angle ¢ (6= ¢).

Validation has been done with radial movement (I1.5) and a used approximation function [15] (see
also Appendix A. ) as such radial cam generates much larger AIT signals. In chapter 3.2-3.4 three
analytical cases will be discussed, all of them forming cylindrical shells. Such a situation is shown in Fig.
3, using several primary and secondary current loops, forming a stator, respectively rotor PM).

A ring vector segment on the primary loop with angle ¢4p, radius 7,,, is named dl, and the flowing
current I, both looking in the same direction. For the secondary loops, the nomenclature is given
accordingly ¢ 45, Tsecr dlg and I, ., considering that all secondary loops carry the same current, dl; and
I; are pointing in the same direction. A point in space P, at distance r,,,., from vector dl, is shown
for illustration purpose. Radius from P,,,,, to Cg, is named g, and vector from P, ., to a dlg segment is
Tsm (Shown in Fig. 3 and Fig. 4).

2.2.2  Magnetic flux density created on primary loop(s)

The magnetic flux density vector B,, (index n designates the secondary ringn = 1,2,...) atany
point in space Py, with vector length r,,.. created by one primary loop can be obtained using Biot-
Savart, equation (11.6a), permeability of free space designated as ).

B = IpTim .uof le X rsT;ce (II.6a)

n 41

|rspace

Byim = Z B, (11.6b)
n

Using the superposition principle and cumulating all vector field points by applying equation (b) results in

the final stator PM flux density vector B, . To calculate numerically (dl, — Alp) this field at the

points in space that are on the secondary loops, an integration approach has been realized using an

averaging method. By integrating clockwise all AB,,,;r, (w)/2 elements and counterclockwise the same

number of ABy,, i, (ccwy/2 OF the primary loops to obtain the final averaged flux density of equation (b)
for any point in space Pg,... These points P,... will be chosen for this application on all points of
one or several secondary loops (two such points B, , shown exemplary in Fig. 4).
2.2.3  Created force on secondary loop(s)

The total force created on all secondary loops can be obtained using

dFg, = Z Lsecndlsy X By (I.7a)
n

Fon=| dFgy (I1.7b)
0

.....

that form the rotor structure, see also Fig. 4. In Equation (b) all cumulated force segments are integrated
over the rigid body circumference from 0 to 2m. Again, the implementation makes use of the same

numerical averaging method as for calculating Equations (11.7a) and (b) (integrating clockwise all
Fgpmcwy/2 elements on the rigid body ring and counter clockwise the same number of Fgp, /2 t0

obtain the final averaged force equation (b) in the center of gravity of the rotating rigid body). This
averaging method is well suited to calculate any desired number of secondary loops of such a modeling
setup. The calculated total force- and torque-signal are independent of the order, in which the secondary
loops are calculated (with length of 75, , ).
2.2.4  Created torque on secondary loop(s)

Fig. 4 shows a calculation extract detail of our calc. situation while calculating equation (11.8a)
depicting also the vector r,, from rotor origin P,,,,,, which moves on the z-axis with eq (11.4) or radial
with eq. (I1.5) to the center of contact to Bg,, of the rigid cylindrical 3D ring (Fig. 4). The rotating
reference frame with origin Cg, is shown in Cartesian coordinates (x’ and z’), the rigid body with limits
15, and 1y, is shown as well as the global reference frame with origin C,. Forn circular loops (n>1) in the
limits of g, to 15, the point of contact is in the center of gravity of all considered loops, formed by d¢ 4,
dlg, and dlg, (shown in light orange of Fig. 4).
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Fig. 4. Detail of torque contact point

The torque on one or several secondary loops is calculated using the (cumulated) force delta dFg,, in
equation (I1.8a) using the same averaging method as for the B, and Fg,, calculation. The total torque
T, Created on all secondary loops can be obtained from

AT, = rsyg X dF ¢, (11.8a)
T

Tsm= | dTspy (11.8b)
0
Note that r,, will always have the same length, as we assume to deal here with a rigid body. The resulting

torque signal is calculated simultaneously with the force signal and the order in which each ring delta
force segment dFg,, , is added up does not matter. Instead of calculating the resulting torque signal
simultaneous with the force signal, it could be calculated once the force signal of each currentring Fg,, is
known using

Tsm = Tso X Z Fsy, (1.9)

n

For both calculation methods (11.8a), (1L.8b) or (11.9) to generate the resulting torque signal g,,, the order in
which each nth secondary current loop is added up does not matter. Using Equation (11.9), the approach of
[10] is made, which is only an approximation for force and torque calculations and therefore not suitable
for energy considerations. Calculating torque signals using permanent magnets, the findings of [16] are
also of interest.
2.2.5 Energy considerations

There are three energy components, the rotation of the rotor ¢ as well as the translatory rotor-
components r and z (compare Fig. 1, B). For the rotary movement component, the energy to consider is

21
0p = f 7,dp (11.10)
4]
For the translatory z.,,, movement component, eq. (11.4), the relevantenergy is
27
Q, =f F,z,(0)do (1.11)
0
For the radial ;. 4,, movement component, eq. (11.5), the relevant energy is
21
Qg =f Fpr(6)do (1.12)
0
The total energy becomes
Qtor = 0Qp + Qr + 0z (11.13)

Units of all energies Qg 7, Q¢o¢ are given in Joule if not otherwise noted.

2.3 Analytical dynamic torque modeling

In this chapter we are modeling by means of a lumped parameter model the dynamic situation of a
rotor with a radial cam, creating an AIT signal. Fig. 5 shows the most prominent components of the
lumped parameter model (stator elements not shown). The rotor consists of three parts: rotor base inertia J,.
(rotor plus stroke bearing rail), rotor carriage (PM, PM-fixation and -carrier) with mass m_ plus plunger
with ], to move rotor carriage m. with reduced radius 7. (center of gravity of all m. components) in
shown cam trajectory (eq. (11.5) red dot dashed through the rotor PM center of gravity). Trajectory of the
reduced point mass of the rotor (shown as radius . (¢) and point of gravity for current carriage position as
P.) shown in orange. Rotor frictions consist of rotor bearing friction D,, stroke bearing friction D, and
plunger friction bearings Dy, ,. Dynamic torque sensor consists of two inertias J,, and a stiff torsion
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spring of €, = 100Nm /rad for measuring the rotor torque. Flipping point angle in ground view
shown as y,.

y y
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Rotor PM carriage . D —

trajectory

|P|V| Limit of torque sensor.

Rotor carriage
trajectory

Stator PM
lsy

Fig. 5. Lumped parameter model in ground view (Ihs) and profile (rhs)

Coupling between torque sensorandrotor structure is C, = 980Nm /rad. The nonlinear
stiffness created by the rotor PM trajectory and stiff fixed stator PM is denoted as C,.(¢). On the
drivesideof the torque sensor, J, representsthe drive inertia, a small leverwhichis carried with a
pusherdogin the instable position. The sensor inertia J, contributes also to the total inertia measuring
side (<1%) and J, (approximately 15%; drive side).

Considering a single DoF system with freedom ¢, the torque DE for such a system can be derived with the
Lagrange method. It follows, having an arbitrary continuous cam function f£,. in the center of gravity of the
moving mass m:

@7+ @) me" + (1) +£ @) (@ me*+D(@) ¢ +C(p)p=0  (I14)
The nonlinear friction is denoted with D(¢’) as well as the nonlinear spring function given as C(¢).
Applying eq. (11.14) to our system and replacing the radial cam function with an approximation function
with error <2%, see [15] and additional information in the Appendix A. , it follows:

2
Jior @+ (:—E (cos $)?(1y + 1, sin p)? + <1PM +1, (1 - ZIT“’(cos ¢$)? + sin d))) )mc ¢+

4iezcos ¢ (=12 + 49 (I, + 1py) + 31,2 cos 2 ) (o + 1, sin p) m. ¢ + D(¢) @'+ C(¢) ¢ = 0

The total inertia that needs to be accelerated in the systemis J,,, = J; + J, +J; + ], + J, plus the rotor
carrier with mass m_ (and reduced radius 7, in the center of gravity of this radial moving mass shown
on the rhs of Fig. 5), the total friction torque with a nonlinear friction model [17] to overcome shown as D
(consisting of D), + Dg + Dy, ,) and the generated torque due to the nonlinear springtorque 7, = C,.(¢) ¢.
No analytical solution could be found for (11.15). A general solution could be generated by a linear piecewise
approximation of the springsignal when consideringonly viscous friction, seealso [18]. This exercise is not
done, and only numerical simulations are presented (chapter Ill, IV) using several nonlinear solvers such
as ode23 or ode4b.

(11.15)
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Fig. 6. Energy considerations innonlinear EM-torque springs exertingcommensurable (Ihs and rhs, blue
line) and incommensurable (rhs, red line) signals

The unstable (flipping) point y, is shown in Fig. 6 lhs again in the origin. This point y, on the
trajectory of the rotor, where the stator exerts no torque on the rotor, determined by the geometry of the
stator- and rotor-PM, which is often also the closest PMs rendezvous point. Such a nonlinear symmetric
EM spring is in detail treated in [15, 18, 19]. Note that the received energy from the neg. torque lobe
(yellow area) is released in the pos. torque lobe (green area) or vice versa. Fig. 6, rhs, shows two
normalized nonlinear asymmetric incommensurable t,, signals (orange line represents an adapted version
for the validated torque signal in chapter 1V, and the original t,; signal, blue line from the simulation,
chapter 3.4). Its spring incommensurability in percentage is shown in brackets (50% meaning a
commensurable signal — same area above and below the ¢-line). The commensurable torque signal has
been artificially enlarged in the positive area to meet the measured torque signal on the shaft. Note also
that the trajectory of a rotor in this setup is none uniformly accelerated (see also Appendix A. ), and we
deal with nonlinear friction. Considering the system dynamically, the max. ang. velocity ¢’ is reached at
the point ¢ =y, orat ¢ = y_. Due to the applied friction model in combination with the shape of the
spring signals (see Fig. 7), the max. ang. velocity at y_ . should only significantly vary (> 0.5rad /s) if
we deal with an incommensurable EM spring.

I11.  Simulations
The discussed equations from chapter Il are applied to find in some structures’ energy excess
when using SDoF systems without and with a constrained force, such as (11.4) or (IL.5).

3.1 Simulation parameters

Simulation parameters are shown in Table 1, Table 2 and Table 3. All symbols except for iteration
parameters are depicted in Fig. 3, Fig. 4. Distance from the center of reference to each (primary) current
loop is denoted with yp, 5.

Table 1 Parameters of the modelled system (chapters 3.2-3.4)

Symbol  Value Unit Description
Uo Vs/Am Permeability of free space
47 1077
Lyrim -1000 A Current primary loop
Looe +1000 A Current secondary loop
Tyrim 5 mm Radius primary current loop
Borim 90 ° Tilting angle prim. loop
Bsec 90 ~° Tilting angle sec. loop
Vp12 31,35 mm Distance to center of 1%, 2" primary loop
Npg 50 — # of primary and secondary loop steps
ng 3600 — # of simulated rotor revolution angles

First iteration parameter n, sets number of steps for one rotor revolution and second iteration
parameter npg is used to calculate number of points for the B-field point calculations emitted by the
primary loop, e.g. number of Al, and A¢dl,’s using Equations (11.6a) and (b) and number of rotor angle
steps Agdl for the force and torque calculations on secondary loop(s) equations (11.7a), (b) and (11.8a),

(b). Note as averaging takes place for np using clockwise and counterclockwise integration steps, np is
in fact doubled (once started at 0 and once at 2m). Using such an averaging method improves the
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convergence to stable force (F), torque (t) and energy (Q) signals. All following simulations are using
values indicated in Table 1-Table 3 unless otherwise noted.

Table 2 Parameters for axial cam (chapter 3.3)

Symbol  Value Unit Description
Z, 5 mm Offset position cam
¢ 0 ° Offset angle cam
Z, 10 mm Amplitude cam
Table 3 Parameters for radial cam (chapter 3.4)
Symbol  Value Unit Description
l, 19.75 mm Eccentricity
ly 40  mm Lever length
lpu —60.8 mm Offset distance to rotor PM center

In Table 2 and Table 3 additional parameters for cam data are given. Table 2 defines an axial cam, a
forced movement into the z-axes using eq. (11.4) and Table 3 defines parameters for a radial cam (shown in
Fig. 5 as PM rotor trajectory) using eq. (11.5). Note that from the given tables the created airgap between
stator and rotor current loops is kept intentionally large (in the following chapters 3.3, 3.4 and 3.4 it is
kept above 4mm) to avoid simulation artifacts caused by discontinuities.

3.2 SDoF systems without constrained force

In this chapter, two simulations of SDoF System without constrained force are discussed, having
five circular current loops (with 2mm distance to each other) on stator and rotor each (Fig. 7). Circular
trajectory radius 7,.,; = 40mm in red. Center of gravity of rotor and stator loops in the xy-plane, keeping
a minimal airgap of h,, = 5mm. Rotor and stator structure building a stair-like configuration with x-
offset of 75 porrserx1..s = =4 —2,...,4mm and y-offset of 75 p,rr5erv1..5s = —10, =5, ...,10mm (Fig. 7,
rhs); rotor structure in Fig. 7, Ihs forming a circular shell.

(09.C) PM setup & trajectory (10.A) PM setup & trajectory
5 CLs, shifted disk PMs on S, nocam 5 CLs, shifted disk PMs on R/S, nocam

‘ Ref. Frame Origin (h_ =5mm)
Rot. Loop Origin (¢ r'c|:180.0‘)

Stat. Loop Origin (fixed)
Prim. Sweep Dim (rad): ¢: 0.00+

Ref. Frame Origin (h,, =5mm)
Rot. Loop Origin (¢ ,mlz180 0°)

Stat. Loop Origin (fixed)
Prim. Sweep Dim (rad): ¢: 0.00+

z (mm)
dow
z (mm)
dow

-60 -60

-40 -40

-20 -20

40 40

20 N - " i N . 20

x(mm) 40 N\ x(mm) 40 N\
N 20 Ko 20

60 40 y (mm) 60 40 y (mm)

Fig. 7. Simulation setup of stair-like configured circ. current ring PM structures on stator and rotor with
circular rotor trajectories (in red)

On the lhs of Fig. 8 the resulting torque is depicted, creating a seemingly realistic asymmetric torque of
4.9% (see also [9], [11], [20]) and 0% respectively. Note, that we have no cam applied and no z-offset for
the rotor trajectory on P,,,,,, N0 z-force is generated. On the rhs of Fig. 8 the resulting energy output is
shown which accumulates to astonishingly Q... = 1320uJ and Q,,. close to zero respectively (case of
straight rotor shell). The energy outcome of a structure like 09.C is very close to zero (also considering DC
current loops of 1kA each) and a torque T is generated. Note, that if stator is moved to out of y, to ys =
—20mm (same situation as structure 10.A, also a torque T4, would be generated. In earlier experiments,
such structures where measured and the shown torque could be validated statically. However, the
important dynamic validation gave a too weak/no AIT signal and could not be successfully validated, see
also Appendix G.
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Fig. 8. Calculated torque (Ihs) on rotor and energies (rhs) for shown setupsin Fig. 7

3.3 SDoF systems with constrained force (axial cam)

In this chapter, a simulation of a SDoF system with constrained force is discussed using a cam
described by eq. (11.4) perpendicular to the rotating rotor plane (axial). Each stator and rotor PM consists
again of 5 circular current loops (Fig. 9) with the same x-spacing between each loop as in previous setup
of chapter 3.2. A stator rotor PM rendezvous of two cylindrical shell PMs are shown when rotor has moved
180° from the start position. The cam trajectory of the rotor with z- and rotating offset &, and amplitude is
given in Table 2. The dashed blue line is the projected circular orbit in the x-y plane. Fig. 9 shows the
setup (Ihs), the resulting torque (middle) and the resulting energy output (rhs) over one revolution. Energy
accumulatesto Q;,.c = 1131/ . No experiments have been done with such structures.

(02.B) Torque Signals 102 (02.B) Gummulated Energies

(02.8) PM setup & trajectory E— i / i E—ro
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B €1 G

Fig. 9. PM setup of with circular shells of stator and rotor and an asymmetric placed cam trajectory (in
red) with cam parameters shown in Table 2 (lhs); calculated torque (middle) and energies (rhs)
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34 SDoF systems with constrained force (radial cam)

In this chapter, simulations of a SDoF system with constrained force are discussed using a cam
described by eq. (I1.5) in the rotating rotor plane (radial). Each stator and rotor PM consists again of 5

circular current loops (Fig. 10) with the same setup as in chapter 3.3.

(03.G) PM setup & trajectory
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Fig. 10. Setup of circular stator and rotor PM structures and symmetric placed stator (config. 03.G, lhs)
and an asymmetric placed stator (config. 03.F, rhs) with the same cam trajectory (in red); cam parameters

in Table 3
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Fig. 11. Calculated torque (lhs) on rotor and energies (rhs) for setups shown in Fig. 10 (Ihsand rhs)

Two simulations are shown in Fig. 10 — simulation 03.G which generates a symmetric commensurable
torque signal and one 03.F with an asymmetric incommensurable torque signal. Cam trajectory is shown in
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red (cam parameter in Table 3 and eq. (11.5)), and the blue dashed circle shows a circular trajectory of r =
25mm. The rotor PM structure’s main axis is facing the simulation reference point marked as ‘o’. The
rendez-vous position y, (instable point, compare also Fig. 6) is in 03.G on the y-axis, in 03.F at ca. 194°
(compare torque signal in Fig. 11). Note that the developed torque signal for such a trajectory has an
additional instable point close to 160°. It is only weakly measurable, as it is outside the two main torque
lobes (see chapter 1V). On the Ihs the developing torque signal is shown; configuration 03.G creates a
commensurable symmetric torque signal (compare also with [18]) and configuration 03.F creates a strong
asymmetric incommensurable torque signal. The resulting energy output is shown which accumulates for
configuration 03.G close to zero (Q,,.c = 5¢J) and in config. 03.F to Q... = 2338/.

35 Dynamic simulations of SDoF systems with constrained force

Simulations are shown applying model equation (11.15) in the system setup of chapter 3.4.
Such SDoF systems carry in this simulation experiment one PM torque springof the formz, = C,;;(¢) -
¢ using asymmetric commensurable (7, = t,.) and income-mensurable (t; = t,4;) torque signals. (In
Appendix E. , simulations are shown with a true SDoF system, without constrained force.) For shown
simulations, the lumped parameter in Fig. 5 applies (chapter 2.3), with parameter set: m, = 47.2g,
and radial cam (IL.5) into point of gravity of radial moving carriage mass m, with parameters [, =
19.8mm, l, =40.0mm and [, = —26.0mm (orange trajectory in Fig. 5). All elements forming
inertia results to J,,, = 6.5 107°kg m? using a nonlinear friction model [18] and nonlinear spring
Crmax = 0.06 Nm/rad of the form shown in Fig. 6, rhs. In Fig. 12 and Fig. 13 the negative (Ihs) and
positive (rhs) flipping from the instable point (y,) of ¢ with initial start condition ¢, and ¢,_ close y, =
90° (Fig. 12) and close to y, = —14° (Fig. 13), see also markers ‘*’. The same signals are depicted in each
figure: the motion signals ¢ (path) and ¢’ (its ang. velocity) and the nonlinear spring signal T,,,,.
Markers, ‘o’ show the first max. and min. ang. velocity after starting a flip. The pink torque signal is
shown normalized — max. breaking torque represents mentioned C,. ;.4
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Fig. 12. Nonlinear symmetric commensurable torque spring in config. 03.G (see Fig. 10, Ihs)
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Fig. 13. Nonlinear asymmetric incommensurable torque spring in config 03.F (see Fig. 10, rhs)

DOI: 10.9790/4861-1305010833 www.iosrjournals.org 18 | Page



Can energy directly be harvested from permanent magnets?

In Fig. 12, flipping by using (symmetric) configuration 03.G is depicted. A jump from the instable
position y, in both directions results in a perfect symmetric behavior (ignoring signs of motion signals) —
as expected.

Fig. 13 shows again jumps using the ideal, simulated PM torque spring (Fig. 11, bottom left). No
torque lobe amplification is used, nor a cropping of the torque spring’s influence is in place, e.g., the EM
torque spring is over one full revolution active, y,,¢ = 360°. Such an ideal model is not realistic, compare
with Fig. 6, rhs, orange vs. blue torque line, where y, = 103° and outside this angle interval the
friction dominates the torque influence. For this configuration, an asymmetric behavior of the motion
signals (ang. velocity in neg. flip direction is ca. 4x larger and accordingly also the path signal jump larger.
Note, that due to the influence of the EM torque spring over 360°, the rotor is not coming to a standstill
immediately after one single jump (in neg. direction).

V. Validation Measurements
41 Testbed

Figure 19 shows the physical model of the testbed for SDoF systems for with and without
constrained force. Influence of gravitation is eliminated by lying the rotor disk parallel to the earth’s
surface (compare Fig. 14 and lumped parameter model Fig. 5). The central device is a high precision
torque sensor with measurement torque interval of +1Nm and precision of 1%. General standard
tolerance of testbed is +£0.1mm for self-manufactured parts. The sensor is connected to an Al bellow
coupling, which connects in turn the rotor-shaft and rotor system with radial cam configuration. In this
testbed a rotor fork system has been created to easily test the torque signal of various rotor and stator PM
structures. In the current setup, cylinder PM structures have been tested with a radial cam system, as large
T4, Signals can be created (compare to Fig. 10).

(A) Testbed setup: (B) Rotor kinematic setup:

o

— Rotor lever

Rotor PM
Stroke bearing carriage

Rotor system with
stroke bearing

Al bellow coupling Rotor with stroke
Burster precision ~ bearing rail

torque meter " Rotor stand

Stiff coupling

DC motor to rotor shaft
(only for friction &
static measurements)

(C) Drive unit (in flipping configuration):
| g Torque meter

DC motor for
constant rotor

Rotor shaft
movement
Stator PM Lever pushing
rotor shaft
Stiff stator stand B¢ DC motor

Fig. 14. Testbed in vertical measurement position for friction measurements (A); rotor kinematic with
plunger and stroke bearing (B) and drive unit in dynamic flipping configuration (C)

The torque sensor has a built-in rotary encoder with 400 inc/revolution and is set up to transmit
200 samples of torque- and rotary encoder -samples per second. Three distinct tests have been made: (i)
friction measurement of system (shown in (A) of Fig. 14), (ii) static torque tests by applying a constant
small w, on the rotor over 360° (similar to (A) of Fig. 14, but having stator stand installed as shown in
detail (B) of same figure) and (iii) dynamic flipping tests by removing coupling between DC motor and
torque sensor and replace it with a pushing lever (shown in (C) of Fig. 14). All tests for friction estimation,
static and dynamic tests have been repeated three times, if not otherwise noted. All signals are up sampled
(using interpl and spline) for easy manipulation (precision of 0.1°), to always have 3600 datasets for one
revolution available. According to the testbed measurement system, notation for revolving ¢ in positive
direction is called clockwise (cw) and revolving ¢ in negative direction is called counter-clockwise (ccw).

4.2 Friction measurements
Friction tests are important to validate the shape of the nonlinear magnetic spring and have been
realized to validate simulated z-torque signals (see model setup, Fig. 5). Forthis purpose, the torque signal
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with rotor PM and installed cam kinematic without having a stator PM in place has been measured.
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Fig. 15. Friction signals, raw data (Ihr) and 3x superposed friction signal (rhs)

Fig. 15 shows the friction in this system. On the lhs the developing friction torque over 3x360°
and the path signal, on the rhs the 3x averaged friction over 360°. The friction torque signal on the shaft
in ccw direction (blue) and in red for revolving shaft cw; the orange torque signal shows the averaged

signal Teen = %(rccw + 7,,,). It confirms the accuracy of the used torque sensor, which stays below

+0.01Nm. System setup is configured to show at 0° the cam rendez-vous position of configure 03.G
(compare Fig. 10, lhs). In this position, the ang. velocity for the rotor PM is maximal (compare, Fig. 21
and position of cam at 270°, see appendix, Fig. 20, middle).

4.3 Static measurements

Static tests are exercised to validate the shape of the magnetic spring. For this purpose, the torque
signal has been measured by approaching clockwise (cw) and consecutively counterclockwise (ccw) each
stator rotor PM rendezvous (by turning the whole rotor structure, e.g., ¢, slowly at least from —y to —y
and back to —y (Fig. 9). The PM rendezvous takes place in this measurement series in the proximity of
ca. 90°, in contrast to the analytical simulations, where the rendezvous takes place around 180°. In all
presented tests’ no datasets were excluded and are presented here as measured.

The analytical torque shape is interestingly a robust approximation, which lies in the ge ometry of
the simulated PM object: a cylindrical shell, see also remarks in [12] on PM modeling with current loops.
The measurement repeatability is close to shown friction measurements (compare Fig. 15), the analytical
signal follows again surprisingly well the measured reference configuration (Fig. 16, lhs). Shown data
represents the 3x averaged torque in ccw (red) and cw (blue) and is averaged ccw/cw signal in orange plus
the simulated signal from config. 03.G (in purple). In Fig. 16, rhs, the same signals are shown, however,
ccw signal here in blue and cw signal in red. The negative torque lobe can be easily fitted, the measured
positive torque lobe is clearly larger than the simulated AIT signal. With such tests no statement can be
made concerning torque incommensurability, therefore dynamic tests are imperative to check the path
signal and the resulting end velocity at +y after crossing the instable flipping point y, . Note, that the max.
torque of config. 03G is almost doubled in comparison to config. 03.F. The reason lies in how the rotor and
stator PM faces meet each other during rendez-vous position around y,. For struct 03.F both faces are
perfectly parallel to each other at y, (minimum airgap distance measures l,, = 5mm) — creating a higher
force than in struct 03.F, where both PM faces cross each other in parallel at a much larger ,,.
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Fig. 16. Static torque signals: sym. commensurable torque reference (Ihs) created by config. 03.G and
asym. incommensurable torque (rhs) created by config 03.F — compare Fig. 10 and Fig. 11

4.4  Dynamic measurements
Dynamic tests are equally important as the static tests because the energy output can be
estimated by measuring the angular end velocity. This velocity is generated when the rotor PM
structure is accelerated while traversing the spring function from y, (instable point) to y, ,_ (end of EM
spring function, either in cw- or ccw-direction). Fig. 17 shows a reference measurement of
configuration 03.G (compare Fig. 10), using a symmetric commensurable torque signal. On the lhs,
3x times a consecutive cw- and ccw-flipping is shown (path signal in red) and developing torque
signal in blue. This is achieved by configuring the drive unit with a shaft pusher (Fig. 14, detail C)
that brings the rotor shaft with a small ang. velocity of w, = 0.01rad/s into the instable position.
Fig. 17 rhs shows the overlayed path signals and the resulting calculated ang. velocity signals in cw
(mean signal bold dashed) and ccw (bold solid lines) direction. The mean max. ang. velocities of
Omean.max = 30.23rad/s (cw-dir.) and weanmin = —30.48rad/s (ccw-dir.) matches well such a
symmetric situation. Note that such a symmetry is also highly dependent on the manufactured
testbed setup. The resulting path jump of ca. 90° and —100° matches less. However, this is also of
secondary importance, as such path jumps depend highly on the system friction, which cannot be
constant in such a system with radial cam (compare Fig. 15).
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Fig. 17. Validation of a symmetric commensurable torque signal, for reference test purposes — also
compare config. 03.G in Fig. 10 and Fig. 11

Fig. 18 shows the same signals as Fig. 17 — this time however using config. 03.F (compare
Fig. 10, rhs) creating an asymmetric torque signal. On the lhs of Fig. 18 the measured torque (blue) and
the path signal in cw direction is shown (cw and ccw direction were measured separately, see also
Appendix F. ). Following the same procedure as described for Fig. 17, the resulting mean max. ang.
velocities of W ean.max = 10.17rad/s (cw-dir.) and w,,.qnmin = —18.78rad /s (ccw-dir.) show a
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clear asymmetry. This asymmetry is also reflected in the mean angle path: from y, in cw dir. reaches
ca. 114° vs. ccw dir. of —172° (an angle difference of ca. 58° = 1rad).
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Fig. 18. Validation of an AIT signal— also compare config. 03.F in Fig. 10 and Fig. 11
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Fig. 19 shows the same torque and motion signals as in chapter Il (Fig. 13) and using the
same parameter set — except having the EM torque spring’s positive lobe 3x enlarged (compare also
Fig. 6, rhs orange vs blue torque line). By carefully tuning the friction parameters (using model [17],
main influence is shown parameter D, in diagrams), stiffness parameter C, ;,, = 0.06 for amplifying
normalized torque signal of Fig. 6, rhs and a positive lobe amplification factor C, ..+ = 3 to realistic
values (compare to Fig. 16, rhs and Fig. 6, rhs), the measured signals can be matched well in the
limited interval, where the EM spring is active (y,s = 103°). Friction parameters are notoriously
difficult to model and estimate. The used friction model [17] has been successfully applied for KEH
harvester validations [18] and therefore no analytical friction model using the measured friction (Fig.
16) has been realized.
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Fig. 19. Validation of an AIT signal in config. 03.F (setup shown in Fig. 10, rhs)

45  Discussion of Validation Measurements

With static tests the shapes of nonlinear EM-springs have been determined (Fig. 16) using a
dynamic torque sensor (with integrated encoder). For measuring the commensurability of the spring,
dynamic tests were exercised, using the torque sensor again (as absolute encoder). These experiments show,
that for reference tests, the angular velocities are in both cwand ccw direction approximately the same (Fig.
17), but evidently different in the AIT spring system (Fig. 18). With regard to the presented configuration
of 03.F, an AIT signal of approximately 10% could be found (compare Fig. 6, rhs, Fig. 11, bottom, Fig. 16,
rhs), resulting in an estimated significant energy difference of 1.1mJ. However, static tests are not
conclusive to claim energy excess, as in the presented radial cam configuration (03.F), a noisy torque
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signal is generated (Fig. 16, rhs). Yet, dynamic tests by letting flip the rotor PM out of the instable position
show asymmetric motion signals (compare symmetric, Fig. 17 and asymmetric case, Fig. 18). Applying
(11.15) on the lumped parameter model (Fig. 5), measuring and carefully estimating system parameters,
validation (Fig. 19) has been done. Flipping in ccw, the max. ang. velocity is —19 rad /s vs.
+10.2 rad /s in cw direction. The path signal also shows an imparity (2.91rad in ccw vs 2.83rad in cw
dir. for simulation and a measured difference of ca. 1rad, compare chapter 4.4, Fig. 18), but due to non-
uniform friction (Fig. 15), this signal validation lacks accuracy.

V.  Conclusions
5.1 Concluding Remarks of Simulations and Measurements

Chapter | presents a systematic outline of resonant and nonresonant MEH systems, using also
phenomenological approaches to investigate scientifically the topic of direct magnetic energy harvesting,
contradicting in isolated cases the current knowledge described in excellent textbooks [14, 21, 22]. In
chapter Il, the important inequality of work done by magnetic forces (11.3) is shown and one method for
torque calculation applying classical physics is presented as well as other well-known methods for
modeling magnetic fields [4] is exercised. A lumped parameter model for testing torque signal is introduced.
Chapter Il presents an excerpt of a systematic investigation using geometrical current loop configurations.
Each configuration test has been started with most simple current ring structures, such as only one current
ring onrotor and stator and test it for energy excess. When such simulations confirmed unusual torque and
energy behavior, additional current rings had been placed to create an approximately realistic PM
structure, before testing it through experiments on a testbed. The used radial cam has a rather unusual
kinematic — especially as the center of the revolving shaft becomes occupied. It is possible to conceive
plenty of different and much simpler radial cam movements (see also Fig. 1). In some of the presented
simulated PM structures, energy excess could be found (Fig. 7, rhs; Fig. 9 and Fig. 11).

Following the validation process of chapter 1V, it is shown by measurements that an unequal
amount of energy can be stored and released from the proposed EM spring system. Therefore, it is
expected that the measured energy-surplus can be multiplied in a stiff rotor system, and a seemingly
perpetual motion should be possible to achieve. Hence, carefully following the validation process, the
question in the title of this article can be answered with yes. As required by the scientific method, the
presented experiments need to be verified by other independent research groups. The underlying principle of
regarding EM springs as mechanical springs [9, 11, 18] and using a rotary system and simple jumpsout of the
instable position in clockwise and counter-clockwise direction is very well suited and inexpensive. Energy
excess with a radial cam could be then demonstrated. For linear systems, such energy surplus with large
square PMs has already been shown [23] — this result has been verified by the author with analytical
methods shown in chapter I, I, but not presented in this manuscript.

5.2 General Concluding Remarks

The energy source cannot yet be determined. However, the developed atomic model (published
already close to 20a ago) from R. Mills [24-33] could be a very good candidate to help explain this
phenomena (by modeling also iron, cobalt, nickel, neodymium atomic crystal structures with such
presented methods). Two current working hypotheses can be conjectured: (1) we might deal here with a
very slow nonradioactive decay process of PM structures, which might be slightly accelerated when using
them in MEH systems or/and (2) free metal electrons (or electron pairs) might drop into a lower orbit
(following Mills, it might be hydrino-like states of metals) and emit EM radiation which can be observed
as an asymmetric torque signal in the macrocosm. Both needs to be tested — however, from an engineering
point of view, the next step is to create with shown measurements a seemingly perpetual motion.

This research has been founded privately and with almost no funds. It is a mystery to me, why such
important research, for which I asked for years when | was still a doctoral candidate, has not yet been done
publicly. Political correctness cannot be an issue in science, as everything should be scrutinized with
respect, rigor, and responsibility. We hit here (seemingly?) untouched research ground. It is hoped that this
publication will change it. The author is happy to share even more details on presented work to any private
or public research groups, who will use it for the advancement of human society.
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Appendix A. Approximated radial cam
Approximated radial cam following [15] gives

1
Fean (8) = Loy + 1 (1 — 5% (cos 8)” + sin e) (V.1)
n

Parameter 15y, needs to be changed by an offset 1y = lpy + L. This function has an error of better than
<1% for fraction i—e < 0.25- for this application error reaches 2%.

w Kinematic of radial cam model as r{#) i Kinematic of radial cam model as x .y, AT} e T e
Rotor camiage.
= Centerof PM

)
z

Traj.retor carmiage Retor camiage &
e - Tra) center of P4 Centerof PM &

2 @
@ &

y-path {mmj
&

Amplitude (mm)
0

Amplitude A (mm)

015

i

50 ' ' 10 . . 0.05 -
0 50 100 150 200 250 300 350 -40 -30 20 -0 o 10 20 30 40 0 50 100 150 200 250 300 350
i) x-path {mm) 0

Fig. 20. Kinematic of PM and rotor carriage (both trajectories through the center of gravity) and numerical
path error A using model DE (V.2) and (11.15)

Fig. 20, Ihr, shows radius of 8 (= ¢); Fig. 20, middle, depicts developing x, y trajectory. For diagram
orientation also angles 0°, 90°, 180° and 270° are shown and in addition, the main flip ping pointy, as well
as a secondary flipping point y, ... is shown. Note that system flips at y,, where the difference of max. and
min. torque is found. On the rhs of Fig. 20, error of exact (V.2) and approximated (11.15) DE is shown.

Appendix B. Dynamics of exact and approximated radial cam

Fig. 21 depicts the calculated ang. path ¢ (blue) and its ang. velocity ¢’ (green) using the exact radial cam
shown in eq. (I1.5) and the approximated radial cam using (V.1) inserted in the general solution of
numerical solution of eq. (11.14) . using Mathematica by setting parameters D(¢") = 0, C(¢) =0 and
Jior = 0. Exemplarily, also a symmetric PM spring is shown (but not applied) to test flipping position,
given here at y, = 346°.

SDoF System Behavior - Scenario1- Path A - Mathematica and MATLABE

w =0rad/s; t =0s; w =-1rads_1; ¢ _=Orad;J =0 kgmz; D =0Nmsrac|_1 014
] excOFF 1s 1s tot 1
10 03FG radCam (TSC‘AI=°); 7M5=360"; mE=D.D472kg; no model Tf applied
:’1 5 ﬁ 0.12
5 f "l |
, OF -
© :M ) T oost
g) 119 -~
» O \\K b h %
@ 8 =3 |-
] 3 ? i 4 0.06
8 10 [{—— ¢, (rad) |A]=22 4ra
@ 1
& 9y (radfs) 004}
-15 Tmg norm. X10 ()
O @ inmax-3-49/-0.648 rad/s
20 %  Flipping angle(s) ~f0=346“ 0.02
Exact DE sol.
25 . . . . 0 . .
0 5 10 15 21 0 5 10 15 2
Time (s) t(s)

Fig. 21. Comparison of resulting trajectories no damping and no stiffness applied. Initial conditions:
¢(0) = 0and,¢’'(0) = —1rad /s (lhr); path error of exact and approx. solution (rhs)

Parameters set to m = 47.2g,1, = 19.8mm, |, = 40mm, 1,,, = —26mm (same parameters as in chapter
3.5). Set parameters and shown flipping points represent testbed flipping point positions. Note that exact
and approximate DE solution match well.

Inserting in (11.14) the exact radial cam (11.5) gives:
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( \ 2

1, sin 1
1,2(cos )% | 1+ eSn ¢ + (IPM + 1, sec ¢ sin (arccos (1—6cos qb) + (l))) m "
1 2 0
1y ’1—1‘3—2(cosq.'>)2
0
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- slo Lo | =410 + 415 1,7 = 21,% 1py |4 — —5— —%-cos 2¢
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5 21,2 21,7 21,2
+1,° Ippycos 2¢ |4 — — —1—2c052¢> (secp)3| 1, [1— (cos ¢)?

Iy 0 Io?

+1,sing | m¢'> +D(@") ¢ +C(p)p =0

This expression is bulky, and an acceptable error of ¢, and the exact ¢ solution is found (Fig. 20, rhs),
also, in respect to the investigated motion, a flip from the instable point towards stillstand. Therefore,
expression of (11.15) can safely be applied.

Appendix C. Verification of superposition principle

Verification of superposition principle is shown in Fig. 22. Whether posing one single current loop on
stator and rotor, or five loops (carrying five times smaller current) each, the same forces and energies will
result. For such setups, the superposition principle holds.

JFACEA] BNty B ety 10 (01.6) Torque Signals 10 (01.6) Cummulated Energies
2%CLs on rotor and stator with orig. cam; 8 15

 (B0.0%)
o, (66.6%)
7 (124%)
7y iong)

Energy ¥ AQ (J)

o 50 100 150 200 250 300 350 o 50 100 150 200 250 300
B ) E!

Fig. 22. Comparison of resulting forces using 1 current loop on stator and rotor as well as 5 current loops with
each 5x smaller currents at the almost same position (shifted in x-direction by 10 ~*2m each)

Appendix D. Resonance frequency of torque sensor system
The resonance frequency w, of the torque sensor system is given by:

1 1
wg = /c (_+ _) (V.3)
° "N 2
where C; is the stiffness of the sensor and /, , are the cumulated inertias on measurement- and drive-side.
rad

For the Burster sensor 8661-5001, the spring stiffness is builtas €, = 100 —

Appendix E. Simulation results using circular trajectories

In earlier validation attempts of AIT signals (system shown in chapter 3.2), following simulation using
circular trajectories have been made. Like in chapter 3.5, also flipping from the instable rendez-vous point
of stator and rotor PM is shown for circular trajectories using PM springs of type tg., T4c, T4; (COmpare
Fig. 1 C).
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Fig. 23. Nonlinear symmetric commensurable torque spring t¢c behavior
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Fig. 24. Nonlinearasymmetric commensurable torque spring T 4 behavior
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Fig. 25. Nonlinearasymmetric incommensurable torque spring t4; behavior

A negative (rhs) and positive (lhs) flipping of ¢, with the initial condition ¢, = 3.142rad,
¢15- = 3.136rad (Fig. 23) and¢,s, = 3.044rad, ¢,5_ = 3.038rad (Fig. 24 and Fig. 25) of the rotor is
shown having such different torque springs applied. The same 3 signals are depicted in each figure: the
motion signals ¢, (path) and ¢,’ (its ang. velocity signal) and the nonlinear normalized spring signal
Tinag (t). Markers, ‘o’ show the first max. and min. ang. velocity after starting a flip. Note that a
negative flip will generate the same min. and max. ang. velocities, but just swapped. This simulation
experiment manifests an energy surplus only when applying a 7,4, signal. Fig. 25 shows the maximum and
minimum ang. velocities ¢',,,,, and ¢’,,;, of the simulated EM springs (tg., T4c and z,,;) when flipping
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occurs towards a positive resp. negative ¢ given a nonlinear friction model. Only a different ang. velocity
occurs when we deal with an asymmetric incommensurable torque spring z,;, as expected. The simulated
max. and min. ang. velocities for this case is also given for linear (only viscous friction) and nonlinear
friction [18]; the slight value differences between linear and nonlinear friction depend on the chosen
parameter set.

Table 4

Max. ang. velocities at limit of angle of influence

Symbol Value  Unit Description

@ max (rey 1343 rad/s End ang. vel. for a pos. flip

@ min (reey —343 rad/s End ang. vel. fora neg. flip

@ max (ray +37.0 rad/s End ang. vel. fora pos. flip

@ min ey  —370 rad/s End ang. vel. for a neg. flip

@ max (ray T348 rad/s End ang. vel. for a pos. flip

@' min (c,y  —374 rad/s End ang. vel. fora neg. flip

' max ) +344 rad/s :Enc; ang. vel. for a pos. flip (z,,
in.

®'min r,y —37.2 rad/s :Enc; ang. vel. for a neg. flip (z,
in.

Appendix F. Additional path and torque data for dynamic validation

Additional torque and path signals are shown in Fig. 26. Diagram on the Ihs shows the dynamic situation,
revolving clockwise (compare Fig. 18, where only revolving ccw is shown). Fig. middle and Ihs shows an
additional measurement set of cw and ccw direction.

MSerieta -/g; 210519; Dynamic Tests - Config F. R1S1 (I =smm, VP) MSerieta r/¢; 210622; Dynamic Tests - Config F. R1S1 (_=5mm, VP) MSerieth rig; 210622; Dynamic Tests - Conflg F. RIS1 (1 =5mm, VP)
20 0.02 2 0.07

= 0-1110.009

002
“1 “b 006
0.02 I \ 005
002
- 7 - / i g
: .- < | — R
g ¢ S 006 s
008 / 002
042 J
014 s - - . ‘ 012 B2l - . 0.01 . - !
0 5 1 150 200 250 300 350 400 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 400

Time (s) Time (s) Time (s)

Torque (Nm|

e = 013010.011

Fig. 26. Torque (blue) and path (red) data from measurements

It is interesting, that in cw direction, before reaching y,, pre-flips can be observed at 28.39s, 413.78s and
772.88s, creating jumps of 17.6°, 17.3° and 18.2°, (see middle fig.; also, on the Ihs visible, but weaker).
These pre-flips stem from the fact, that the calculated torque signal (Fig. 6) and the measured torque signal
(Fig. 16) cross twice the zero-torque line (in Fig. 16 around 70° and 90°). Together with the noisy friction
torque signal, they create such pre-jumps. Note also, that adding the path of these pre-flips to the main flip
(middle figure, occurring at 43.01s, 149.80s and 259.50s), will make the path signal still asymmetric.

Appendix G. Validation attempt results using circular trajectories

Earlier attempts were made, using circular trajectories of configurations 10.A (Fig. 7, rhs). Using
such circular trajectories are most simple to prototype and a calculated AIT signal of ca. 5% asymmetry
can be achieved. Furthermore, by cumulating on a stiff rotor such torque asymmetries, an almost 100%
asymmetric signal can be realized — theoretically. Measurements showed however, that such weak
asymmetric signal addition will not cumulate in a larger measurable asymmetry using such geometrical
dimensions. Dynamic measurements did not indicate a clear asymmetric ang. velocity signal (not shown in
Fig. 27).
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using configuration principle of 10.A)
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