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Abstract—The paper presents the modeling of a new type of
electromechanical converter with rolling rotor (ECRR) in
order to obtain an optimisation at functional level. The ECRR
prototype comprises a stator composed of twelve magnetic
poles and a disk-shaped rolling rotor made of ferromagnetic
material, without windings. Each magnetic pole is made of an
E-shaped magnetic system and a winding placed on its central
column. The electromechanical converter with rolling rotor is
analyzed through a magnetic field study with Flux2D®
software in magnetostatic application. The field study examines
the influence of the rotor thickness, axial air-gap size and
current density on the magnetic attraction force that changes
the position of the disk-shaped rolling rotor. Also, it is analyzed
the variation of the magnetic attraction force for different
inclination angles of the rolling rotor. The main advantage of
the ECRR is represented by a low rotational speed without
using mechanical gearboxes. The ECRR prototype can be used
in photovoltaic panels tracking systems.

Index Terms—angular velocity, air gap, finite element
method, force measurement, friction.

I. INTRODUCTION

Worldwide, there is a demand for electrical equipment to
provide low rotational speed and high torque, characterized
by constructive simplicity, low power consumption and high
number of hours of operation without maintenance. The
ECRR prototype analyzed in this paper was achieved by a
patented solution [1]. The ECRR is characterized by
originality and is on the border between electrical
engineering and invention field. The originality is given by
the constructive functional solution primarily related to low
rotation speed obtained without wusing mechanical
gearboxes. In literature, there are known some solutions
characterized by low rotation speed and high torque. The
best example relates to the interior rolling rotor motor
analyzed in literature by finite element method [2-4]. Other
equipment that provides low speed and high torque are using
different types of RPM scalers which, in time, will
eventually wear out.

The ECRR main advantages are: the disk-shape rotor is
characterized by constructive simplicity and low cost of
production due to lack of windings; no contact elements as
in classic AC or DC electrical machines (rings, brushes
etc.); operating noise is almost nonexistent.

The electromagnetic converter with rolling rotor is
analyzed based on the finite element method (FEM) that
provides high accuracy in calculation due to the large
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number of computational iterations. The used simulation
program is Flux2D® and is a useful tool for analyzing and
optimizing the proposed ECRR prototype. The paper aims at
establishing the influence of variation of the main
parameters (rotor thickness, axial air-gap, current density,
inclination angle of the rolling rotor) on ECRR operation.
The ECRR with axial air-gap analyzed in this paper
represents a solution in photovoltaic panels tracking or in
applications that require low rotation speed and high torque.

II. ECRR GENERAL THEORETICAL CONSIDERATION

The ECRR investigations were based on the analogy with
the electrostatic micromotor with rolling rotor and axial
interstice [5]. An explanatory note to the operation principle
of the ECRR, the electromagnetic version and the forces
involved in operation are shown in Fig. 1.

Figure 1. Overview of the ECRR principle of operation. The forces involved
in operation: a) innactive disk-shaped rolling rotor; b) the rotor position
when the magnetic pole (”1”) is activated.

The ECRR operation is based on the difference between
the rotor radius and the range of rolling over its route.
During operation, the magnetic attraction force develops
between the rolling rotor and each activated stator pole,
which changes the direction of the rotor inclination in the
direction of activated pole. The experimental model for
which the 2D-FEM simulation was made is presented in
various hypostases in Fig. 2. The stator consists of twelve
windings. Each winding is placed on the center column of
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an E-shaped magnetic system. When all twelve stator
windings are successively fed, a revolving magnetic field
(Q1) appears and the rotor is rolling out under the influence
of the magnetic attraction forces. If one single winding is
activated, we have a rotor-stator contact point ”A”.

Figure 2. The ECRR prototype: a) general view; b) stator consisting of 12
magnetic poles; ¢) disk-shaped rotor made of ferromagnetic material.

In a complete cycle of the stator poles activation, with the
angular velocity Qr, the mobile contact point rotates by an
angle equal to 2m radians, in the same direction of the
switching, in the stator poles plan. Thus, the rolling rotor
assembly will perform a reduced angular displacement with
the angular velocity, Q.

The contact point moves around a circular path due to the
tangential force Fy, that acts on the disk-shaped rotor. The
rotation movement of the rotor is also possible due to the
rolling friction force that occurs in the stator-rotor contact
point. The maximum value of the tangential force depends
on the stator-rotor contact conditions:

thmax. = p'Fe (1)
where p is the coefficient of rolling friction.

The axial air-gap value (d) sets the time interval for which
a complete rotation of the disk-shaped rotor is obtained,
considering Qr with no variation. The force of magnetic
attraction that changes the rotor inclination in the direction
of activated winding, can be calculated using equation [6]:

F, =(B?S,)/2p,[N] @)

where: B is magnetic flux density at the magnetic pole
surface; S, is the surface of magnetic pole; p, is the
permeability of free space (4n-10” H/m).

Changing the speed of rotation of the ECRR is based on
the relationship [6]:

Q. =Q/1 3)
where, i represents the mechanical speed reduction ratio.

The gear ratio can be expressed by following equation if
the slip between the rotor and the stator is neglected [5], [6]:

i=Rr/(Rr_Rs) (4)
where, R, and R represents the rotor radius and the rolling
path radius respectively.

The radius of the circular route after which the contact
point ”A” of the rotor moves on the rolling path (see Fig.
1b) can be expressed depending on the a angle, through the
relationship [4]:

R, =R +d? +(h,, - d)sina (5)

where, d represents the axial air-gap dimension, h,
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represents the high of the spindle support of the rotor and o
represent the inclination angle of the rotor in the direction of
the rolling path.

For a=0°, the disk-shaped rolling rotor has the position
shown in Fig. la.

III. FEM ANALYSIS

Out of the need to carry out more efficient electric
equipments, it occurs the necessity to use the FEM modeling
programs. FEM analysis is used in most applications that
treat field problems and ensure high precision in this
respect. If modeling is done effectively, the simulation
results are close to the experimental ones. There are various
studies that use the finite element method and were
performed on various types of electrical equipment such as
AC and DC celectric machines [7-15] or electromagnetic
actuators [16-18].

The FEM analysis of the ECRR prototype was carried out
in a magnetostatic application of the Flux2D® software
which represents a study of magnetic fieldsin systems
where the currents are with not variation in time. Thus, for
the knowledge of ECRR operation, a finite-element analysis
is required.

It has been shown that the ECRR drive torque is
influenced by the magnetic attraction force between the
stator and the disk-shaped rotor, the rotor thickness and the
current density value [6]. Also, the starting torque of the
ECRR decreases as the angular velocity Qr increases [19].
In the same time, the starting torque can be increased by
raising the current through stator windings or by reducing
slipping phenomenon between stator and rotor [6]. The
mechanical speed reduction ratio decreases simultaneously
with the increase of axial air-gap and is dependent on the
structural dimensions of the ECRR prototype (R, Ry, d, hy
and gg), as stated in [6].

Using FEM-based simulation with Flux®2D software, it
is possible to find out the influence of the geometrical and
electrical parameters on the ECRR performance. Fig. 3
presents a 3D representation of the ECRR prototype that
highlights the arrangement of the twelve electromagnetic
actuators (EA) placed on an insulating support in regard to
the disk-shaped rotor.

Figure 3. General view of the ECRR prototype — 3D representation:
1- insulating support; 2- electromagnetic actuator (EA); 3- disk-shaped
rolling rotor; 4- rolling path.

In this paper, it will be analyzed through the finite
element method only a part of the magnetic system of the
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stator due to its symmetry that leads to the simplification of
FEM analysis. Thus, the ECRR geometry has been divided
into twelve slices, each of them being represented by one
electromagnetic actuator. The computing model used in
FEM analysis with highlighting of variable parameters gg
and d is presented in Fig. 4.

Figure 4. The geometry of the computing model: D,- rotor diameter;
g,- rotor thickness; d- axial air-gap; 1- rotor position for a=0° 2- rotor
position for the possible maximum value of the o angle.

After creating the EA model to the real dimensions, it was
made the mesh network and then where prescribed the
properties of the materials. Later it was introduced the
current density value obtained from calculations in order to
achieve simulation. The FEM analysis was conducted with
the rated parameters presented in Table 1.

TABLE I. ECRR ELECTRICAL AND GEOMETRICAL PROPERTIES

Description Value Symbol

EA supply voltage [V] 12 U,
Consumption power [W] 12 P,

— | Winding inductance [H] 64x10” L

§ Number of turns on each pole 1090 N

3 | Ampere turns [At] 817,5 NI

™| Number of stator poles 12 2p
Wire diameter [m] 0,45x10° d;
Maximum starting torque [Nm] 0,85 M jnax

—. | Rotor diameter [m] 0,310 D,

.§ Rotor thicknees [m] 0,003 2R

© | Stator diameter [m] 0,340 Dy

& [ The height of ECRR [m] 0,200 H..

O | The main dimensions of the EA [mm] 60x25x40 LxIxh

The geometry was build to represent a single

electromagnetic actuator and the corresponding rotor area.
For the E-shaped magnetic system and the disk-shaped rotor
has been used a nonlinear isotropic material with the flux
density saturation J;=1,5T and initial relative permeability
pn,=1500. The material is defined by an analytic
magnetization curve B=f(H), shown in Fig. 5.
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Figure 5. The magnetization curve of the material.
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The geometry and the mesh adapted to the physics of the
EA model are shown in Fig. 6. Details of the mesh in axial
air-gap region are presented in Fig. 7.

To compute the attractive force on the air-gap, the
Flux®2D software uses the following equation [20]:

R, :ﬁ ff.Bas (©)

The force exerted in axial plane is obtained, according to
[20], by differentiating the magnetic energy of the
electromagnetic actuator in relation to the rotor
displacement:

Fy = -( oW/ &) %)
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Figure 6. The geometry and the mesh of the computation domain of a single
2D FEM electromagnetic actuator.

Figure 7. Detail of the mesh in the axial air-gap region.

By modeling the electromagnetic actuator, were analyzed
a number of issues relating to:
- the magnetic flux density distribution in the two regions
(E-shaped magnetic system and rotor);
- the magnetic attraction force that acts on the rotor for
different values of gg parameter and for different angles (o)
of the rotor in regard to the rolling path;
- the current density variation through the winding.

IV. ANALYSIS OF THE POST-PROCESSING RESULTS

After the solving of the computational model in
magnetostatic application of Flux®2D software, the first
results were obtained. The electromagnetic actuator (EA)
was analyzed in two different situations. The first case
analyzes the behavior of the EA considering the current
density increase up to a maximum of 20 A/mm’. The
inclination angle of the rotor, relative to the rooling path,
was considered with no variation (¢=0). The second case
examines the real operation of ECRR, considering the
current density with no variation (j=6,25 A/mm’) and the
inclination angle of the rotor between 0 to 7°.

Before the post-processing results presentation of the two
cases, in Fig. 8 and Fig. 9 are presented the computed vector
quantities of the magnetic flux density on the rotor and
magnetic system regions, for axial air-gap value of 10 mm.
The value of the flux density does not exceed 0.81T for a=0"
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and 1,61T for a=70. The arrows show the direction and
magnltude of the magnetlc flux densrcy
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Figure 8. Flux density vectors distribution on the rotor and magnetic system
regions for d=10mm, j:6,25A/mm2, a=0".
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Figure 9. Flux density vectors dlstrlbutlon on the rotor and magnetic system
regions for d=10mm, j=6,25A/mm?, a=7".

Case 1

In the first case, the axial air-gap and the current density
through the coil are parameterized. The rotor thickness
remain constant at the 3mm value. The parameters used in
FEM analysis, the interval of variation and the step values
are shown in Table II.

TABLE II. THE VALUES OF THE PARAMETERS
USED IN FEM ANALYSIS - CASE 1

Description The interval The value
of variation of step
Rotor thickness, gr [mm] 3 -
Axial air-gap, d [mm] 1+10 1
Current density, j [A/mm’] 4+20 4
Inclination angle of the rotor, o [°] 0 -

The force acting on the rotor as function of the axial
air-gap thickness and current density is presented in Fig. 10.
As expected, the force increases with the increasing of d and

200 -
1807 o [—o— F=i(d), j=4AImm’
160 —=— F=f(d), j=BA/mm”

—#— F=f(d), j=12A/mm’
—e—F=f(d), =16A/mm’
— —F=f(d), j=20A/mm’

1404
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Magnetic attraction force, F [N]
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80 \\\'\,i\
60 \ \\.\: 0
404 y o
- \ ‘\_‘M\*\_:\\.
e ek
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Figure 10. The variation of the magnetic attraction force as function of the
d and j parameters. gg =3 mm, a=0".
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J parameters, when the current density is with no variation.
Using multiparametric analysis it is possible to reprezent a
3D dependence of mentioned parameters (Fig. 11).

FN]

i — = A58

ﬁ_4d (mm]

= 8199

j [A/mm?] LA

Figure 11. 3D dependence of the variation of the magnetic attraction force
acting on the rotor as function of the d and j parameters. gz = 3 mm, 0=0".

Case 2

The second case analyzes the parameters variation
obtained from the design calculations. Table III shows the
assumptions considered for modeling.

TABLE III. THE VALUES OF THE PARAMETERS
USED IN FEM ANALYSIS — CASE 2

s e The interval of | The value
Description s
variation of step
Rotor thickness [mm] 3 and 2+6 1
Axial air-gap [mm] 1+10 1
Current density [A/mm?] 6,25 -
Inclination angle of the rotor )
. 0 0+7 1
Oin * Omax [ ]

To determine the influence of the magnetic attraction
force depending on thickness of the disk-shaped rotor, there
were represented the F=f(g,) characteristics for different
possible inclination angles o and two distinct values of axial
air-gap (10 mm and 6 mm). It is noted that, the magnetic
attraction force value increases with the increasing of the
inclination angle and not so significant with the increasing
of the rotor thickness (Fig. 12).

For a value of 10 mm axial air-gap, it can be observed an
insignificant increase of the magnetic attraction force for an
angle of inclination between 0° and 4°. An important
increase of the attraction force can be seen for o=6" and
0=7". A three-dimensional representation is shown in
Fig. 13. The influence of the rotor thickness for d=6mm was
also analyzed.

50 4
454 -
= 401 —=—F=f(g,), «=0"; —e—F=f(g,), a=1"
: 35 —A— F=f(gR}, a=2"; —w— F=f(gg), a=3"
g 30.] —4—F=f(g,), u=4", —»—F=f(g,), a=5",
b —e—F=f(g,), «=6" —a—F=f(g_), u=7"
5 25.% B R
T 1004 . . +
£
; 7.54
o -
a 5.0" » L]
s . : ’
2,54 1 i 4 4
0,0 | N S S S S L S B B

20 25 3,0 35 4,0 4.5 5.0 55 6,0
Rotor thickness, g [mm]

Figure 12. The variation of the magnetic attraction force as function of the
gr and a parameters. Axial air-gap value, d = 10 mm.
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The F=f(g,) characteristics are presented in Fig. 14, where
it can be observed a significant increase of the magnetic
attraction force for a = 3° and o = 4°. A three-dimensional
representation is shown in Fig. 15.

Figure 13. 3D dependence of the variation of the attraction force acting on
the rotor as function of gr and a parameters: j=6,25 A/mm?, d=10mm.
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Figure 14. The variation of the magnetic attraction force as function of the
gr and a parameters. Axial air-gap value, d = 6 mm.

05

al] e

Figure 15. 3D dependence of the variation of the attraction force acting on
the rotor as function of gg and « parameters: j=6,25 A/mm?, d&=6mm.

The minimum and maximum values of the magnetic
attraction force obtained for two different values of the axial
air-gap are presented in Table I'V.

If the rotor thickness (gr) and current density (j) are both
kept constant, the evolution of the magnetic attraction force
that acts on the rotor can be found out. The simulation
results confirm a growing attraction magnetic force as
changing parameters o and d (Fig. 16).

TABLEIV. MAGNETIC ATTRACTION FORCE.
MINIMUM AND MAXIMUM VALUES

Axial Rotor o Magnetic
. R Inclination angle R
air-gap thickness of the rotor [°] attraction
value [mm] force [N]
d [mm] gR gR max O min O max Fmin Fmax
10 7 1,26 51,43
2 6 0 2 >
6 4 3,83 52,02
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Figure 16. The variation of the magnetic attraction force as function of the
o parameter. The gr and d parameters is with no variation.

The variation of the flux density along the axial air-gap
for the parameterized values of the inclination angle, for
d=10mm and d=6mm, is presented in Fig. 17 and Fig. 18
respectively.

Flux density [T]

1,322
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264,548E-3

118,208E-8
0

1,383 .
2,739 N 59,393

al’]

Figure 17. The variation of the flux density along the axial air-gap for the
parameterized values of the inclination angle, o. Axial air-gap value,

d=10 mm.
Flux density [T]
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§4,898E-3 | 420,698E-3
284,898E-3
142 098E-3
13208E-3

13,298E-3

Axial air-gap path

Figure 18. The variation of the flux density along the axial air-gap for the
parameterized values of the inclination angle, a. Axial air-gap value,
d=6 mm.

Of particular importance in this study is the flux density
distribution in the axial air-gap area. First of all, it was
defined the path in the axial axir-gap by numerical
coordonates. After the path creation, we can plot the flux
density along the air-gap for the parameterized values of the
axial air-gap. The current density and the rotor thickness are
considered with no variation. The flux density curve for an
inclination angle of 0° and for two axial air-gap values are
presented in Fig. 19. It can be observed the influence of the
air-gap value on the flux density distribution along the
considered path. When the inclination angle of the rotor has
the maximum value, the air-gap flux density curve shows a
different variation. In Fig. 20 the air-gap flux density curves
are presented for a=4" and «=7°, considering d=6mm and
d=10mm respectively.
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Figure 19. Flux density curve along the air-gap path, for the minimum
value of the inclination angle. Current density j=6,25 A/mm?® Rotor
thickness gr=3mm.
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Figure 20. Flux density curve along the air-gap path, for the maximum
possible value of the inclination angle. Current density j=6,25 A/mm’.
Rotor thickness gg=3mm.

V. CONCLUSION

The 2D-FEM analysis was performed on a single
electromagnetic actuator due to the constructive symmetry
of the ECRR stator. The purpose scope of this paper is the
study of the influence of the electrical and geometrical
parameters on the magnetic attraction force. Four
parameters have been modified: the current density, the
axial air-gap, the rotor thickness and the inclination angle of
the disk-shaped rotor.

Starting with the design data, the simulation was
performed with Flux®2D software by which it has been
verified the rotor thickness influence on the magnetic
attraction force and its values were determined by the rotor
possible position in respect with the rolling path.

The results of the modeling, for two distinct values of
axial air-gap, have highlighted the magnetic attractive force
variation with respect to the axial movement of the rotor. In
both cases, it was observed a significant increase of the
magnetic attraction force for that last two inclination angle
values from the variation domain. If there is no variation for
the rotor thickness and the axial air-gap, the magnetic
attraction force increases with the increase of the inclination
angle of the rolling disk-shaped rotor. This statement is
valid for both axial air-gap values, of 10 mm and 6 mm
respectively.

In conclusion, a 2D-FEM analysis is a useful and a
nondistructive method to find out the influence of different
parameters on the magnetic attraction force that acts on the
disk-shaped rolling rotor.
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