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ABSTRACT This paper proposes a novel tiered type permanent magnet spherical motor (T-PMSpM), which
has the advantage of relatively larger torque ability compared with most existing spherical motors. The
proposed T-PMSpM is capable of continuously rotating while the rotating shaft can tilt in all directions.
Considering that it is usually much difficult to measure the multi-DOF rotor orientation of a spherical motor
in an easy and convenient way, this paper also proposes a specific rotor orientation measurement method,
aiming at providing an idea of simple solution for detecting the multi-DOF rotor orientation based on phase
difference. In order to clearly reveal the intrinsic relationship between the phenomenon of phase shift and
the tilting motion, a simplified back-EMF model of the T-PMSpM is put forward according to the geometric
changes as the rotor tilts. Based on the simplified back-EMF model, both the initial phase and the magnitude
of the back-EMF are calculated analytically and verified by the 3D FEM. The full region forward relationship
between the rotor tilting position and the phase difference is further obtained. Therefore, the rotor tilting
position can be easily identified based on the inverse solution. Finally, a prototype motor of the investigated
T-PMSpM has been manufactured. The experimental results validate that the multi-DOF orientation can be
detected effectively with enough accuracy.

INDEX TERMS Spherical motor, multi-degree-of-freedom (multi-DOF), orientation measurement method,

permanent magnet (PM), back-electromagnetic force (back-EMF).

I. INTRODUCTION

Spherical motors are gaining increasing popularity in robotics
and industrial applications in recent years. Today, a variety
of spherical motors have been designed and studied [1]-[4].
Among them, the tiered type permanent magnet spheri-
cal motors (T-PMSpMs) have gradually become a research
hotspot for their simplicity in both structures and control
principles [5]-[8]. They usually have more than one layer of
stators along axial direction, each layer consists of a circle
of evenly distributed coils. Different from other spherical
motors, the T-PMSpMs are asymmetric in the three direc-
tions, i.e., the output shaft can rotate continuously but only tilt
in a limited range. Thus, the T-PMSpMs are more suitable for
wheels, propellers, and machine tools that require orientation
control of the rotating shaft [9].
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However, in order to create a linear torque characteristic
so that the design, calculation and control could become
relatively simple, most of the T-PMSpMs do not have iron
cores. As a result, it is hard for them to produce a powerful
output torque. In [10], a permanent magnet (PM) spherical
motor, of which the rated torque is 0.80 N-m when rotor
diameter is 114 mm, has been proposed. The corresponding
torque density, which is defined as the torque per unit volume
of rotor sphere, is about 1.03 N-m/L. In [11], an iron shell is
employed in the PM spherical motor to increase the torque
ability and a higher torque density of about 1.28 N-m/L is
achieved. Despite that the use of iron shell can enhance the
torque ability effectively [12], the torque density is still too
low due to the large air gap caused by use of air-cored coils.

The multi-DOF rotor orientation measurement is very
important for spherical motors. However, compared with
conventional single-DOF rotary motors, the T-PMSpMs have
more than one degree of freedom, i.e., both the rotation
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and tilting positions are required, which makes it difficult
to measure the rotor orientation by simply using a single
sensor such as a rotary encoder or a resolver [13]. To solve
this problem, many orientation measurement methods for
detecting multi-DOF motions have been proposed [14]-[16].
According to their working principles, the existing orienta-
tion measurement methods used in spherical motors can be
generally divided into three groups, i.e., the mechanical frame
based method, the optical based method and the magnetic
field based method.

The mechanical frame based method, which simply uses
three single-axis encoders to measure the three independent
position angles mechanically decoupled by the gimbal, is a
typical contact method. Lee et al. proposed the concept of a
spherical stepper motor, of which the rotor orientation was
measured based on three circular guides that are perpendic-
ular to each other [17]. Although this method has the merit
of high resolution, the influence of the additional mechanical
linkage on the motion characteristic is non-negligible [18],
[19]. To minimize the negative influence of the measure-
ment system, including the introduced inertia and friction,
Zhang et al. developed a special spherical joint that contains
an encoder and a two-axis tilt sensor to measure the rotor
orientation [20]. This spherical joint is also served as a multi-
DOF bearing that supports the rotor by being installed in the
center of the rotor.

The optical based method has two development branches.
One is based on the light sensors and binary painting, where
only two colors, i.e., black and white, are painted with spe-
cific patterns on the rotor surface [21], [22]. The other is based
on the vision sensors, which usually requires elaborate grids
or color patterns [15], [23]. In some cases, even no engineered
pattern is needed. Lee and Zhou proposed dual-sensor system
to detect the incremental three-DOF motions of a spheri-
cal wrist actuator based on the natural microscope features,
which was inspired by the working principle of the optical
mouse [24]. However, most optical based methods have some
limitations when they are adopted in a fast dynamic system,
since their sampling rate is relatively low [25].

The magnetic field based method takes full advantage
of the magnetic field distribution of the PM rotor, based
on the fact that most magnetic field models are position-
dependent [26]. In this method, several magnetic field sen-
sors, such as Hall-effect sensors, are deployed around the
rotor [27]-[29]. Wang et al. proposed a PM spherical actuator,
of which the rotor orientation was deduced by using four or
six sensors [30], [31]. It is worth noting that the magnetic
field based method requires a complete knowledge of the
magnetic field distribution, thus many magnetic field calcu-
lation methods are proposed to deal with different magnetic
situations [32]-[35]. However, the magnetic field calculation
will become much difficult when massive iron cores are
applied in order to enhance the torque ability.

As an alternative idea, the magnetic field of an external
PM rather than the PM rotor is utilized. Li et al. proposed a
3-DOF deflection type PM motor, with a regular PM installed
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FIGURE 1. Basic structure of the investigated T-PMSpM.

on the top of the rotor output shaft [16]. This method can
avoid complicated calculation of rotor magnetic field. Never-
theless, the orientation detection methods based on the direct
measurement of magnetic field still have the problem of
relatively low resolution, considering that the magnetic field
of PM rotor or external PM does not change much at certain
positions [36].

The magnetic field of the PM rotor can also be uti-
lized indirectly. In fact, the sensor-less rotor orientation
measurement method based on back-EMF is widely used
in single-DOF PM synchronous motors already [37], [38].
Similarly, the rotor orientation detection method based on
back-EMF can also be extended and adopted in spherical
motor applications. Bai et al. proposed a back-EMF method
for sensing the real-time multi-DOF motion of a PM spherical
motor, of which the structural simplicity was retained since no
sensors were installed [13]. However, it is noticed that a mag-
netic flux model is required to characterize the relationship
between the induced voltage and the magnetic flux change,
which is actually hard to be obtained in an iron-cored tiered
type spherical motor.

In this paper, on the one hand, a novel iron-cored tiered type
permanent magnet spherical motor with the merit of large
torque ability is proposed. The basic structure and working
principle are presented in detail. On the other hand, a multi-
DOF rotor orientation measurement method based on phase
difference is proposed. It can avoid complex calculation of
magnetic field distribution in spherical motors. The principle
of rotor orientation measurement is explained and also veri-
fied by the FEM and experiments.

Il. BASIC STRUCTURE AND WORKING PRINCIPLE OF THE
INVESTIGATED T-PMSPM
The basic structure of the investigated iron-cored T-PMSpM
is shown in Fig. 1. The spherical rotor makes it possible to
achieve 3-DOF motions. Common rotor configurations in PM
synchronous motors, such as surface-mounted and spoke PM
type, can also be transplanted here. There are three stators
along axial direction. The middle rotating stator, as the name
implies, is designed to generate the rotating motion, whereas
the two tilting stators are used to generate the tilting motion.
Specially, the iron cores are adopted in the stators to enhance
the torque ability.

For the rotating motion, the T-PMSpM has the same work-
ing principle as that of the PM synchronous motors, i.e.,
a rotating torque 7 is exerted on the rotor by the middle
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FIGURE 3. Demonstration of the constant electromagnetic force.

rotating stator as illustrated in Fig. 2(a), where the tilting
stators are not shown for a clear view. For the tilting motion,
a constant tilting torque of the electromagnetic force couple
M, is produced to tilt the rotor as illustrated in Fig. 2(b).

The rotating stator is not shown in Fig. 2(b) since
the tilting motion is only decided by the two tilting sta-
tors. It can be observed that the tilting torque M; con-
sists of two non-collinear electromagnetic forces Fyp and
Fg, which are equal in magnitude but opposite in direc-
tion. In fact, these two constant electromagnetic forces are
produced based on the theory of self-bearing motors [39].
As shown in Fig. 3, the relationship between the constant
electromagnetic force and the air gap magnetic field is
demonstrated.

In Fig. 3, the inner circle represents for the rotor mag-
netic field with 8 magnetic poles while the outer circle
represents for the stator magnetic field with 10 magnetic
poles. It is noticed that the stator magnetic field has exactly
2 more magnetic poles than that of the rotor magnetic
field. Thus when the rotor revolves with electrical radian
frequency w, a constant upward electromagnetic force will
be produced as long as the stator magnetic field also
rotates in the same direction with the same electrical radian
frequency.

Now, it can be concluded from the working principle that
the rotating motion and tilting motion can be controlled by
different stators respectively.

Main specifications of the investigated T-PMSpM is given
in Table 1.

A relatively high torque density of about 31.84 N-m/L can
be achieved by the investigated iron-cored T-PMSpM, where
the pole-slot combination of 20 poles and 21 slots is adopted.
More details about the torque performances and magnetic
field features can be found in [40], [41].
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TABLE 1. Main specifications of the investigated T-PMSpM.

Parameter Value Unit
Stator outer diameter (cylindrical) 250 mm
Rotor outer diameter (spherical) 156 mm
Stack length of the rotating stator 12 mm
Axial position of the rotating stator [-6, 6] mm
Stack length of the tilting stator 20 mm
Axial position of the tilting stator [-50, -30], [30, 50] mm
Rotor axial length 120 mm
Rated rotating speed 500 rpm
Rated rotating torque 63.3 N'm
Rated torque density 31.84 N-m/L

FIGURE 4. Tilting stator and rotor. (a) 3D model. (b)-(e) Cross sections in
different axial positions with z = 32.5 mm, z = 37.5 mm, z = 42.5 mm and
z = 47.5 mm, respectively, when tilting angle g = 9°.

Ill. SIMPLIFIED BACK-EMF MODEL

In this paper, the rotor orientation is measured based on the
phase information that contained in the back-EMF. Therefore,
the back-EMF of the proposed T-PMSpM is investigated at
first. Considering that the 3D FEM is too time-consuming,
a simplified back-EMF model of the T-PMSpM is proposed
for fast calculation. In fact, the simplified back-EMF model
also helps to understand the intrinsic relationship between the
rotor orientation and the back-EMF.

A. BACK-EMF IN THE TILTING STATOR

The back-EMF in the tilting stator is calculated based on
the 2D cross sections, but with the tilting motion taken into
account, as demonstrated in Fig. 4. It can be observed that
the shape and dimensions of the rotor PMs and iron core are
changed after the rotor tilts. In particular, the circumferential
angular positions as well as the widths of the PMs in the
cross-sectional plane are also changed, i.e., the PMs are no
longer evenly distributed.

Besides, it is noticed that the cross sections are slightly
different from each other, as their axial positions vary from
the nearest to the farthest distance to the motor center. In order
to take into account the 3D spherical structure, the axial
segmentation calculation method is applied, i.e., the tilting
stator is divided into several slices along axial direction.
If these slices are thin enough, the axial changes in one slice
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(a) (b)

FIGURE 5. Rotor cross section. (a) Before rotor tilts. (b) After rotor tilts.
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FIGURE 6. Relationship between the two angles y and ys.

can be neglected, which means that they can be calculated
in 2D and further represented by their middle cross sections.
In fact, the stator slots are designed to be identical along axial
direction, thus the stator in cross sections looks very similar.

For any of the above middle cross sections, it is very
important to obtain the circumferential angular positions of
the PMs after the rotor tilts, so that the tilting motion can be
fully considered in the simplified back-EMF model.

As shown in Fig. 5, point Oy is the center of the rotor cross
section, and point O is the center of the hollow shaft in the
cross section. The circumferential angular position (point P)
is measured using the polar angle y in the polar coordinate
system, which is located in the cross-sectional plane. The
relationship between this polar angle y and the corresponding
azimuth angle y5 in the rotor spherical coordinate system is
shown in Fig. 6, where the tilting angle is denoted as . The
pole middle line is a longitude line through point P.

By applying the knowledge of solid geometry, the relation-
ship between y and y; is obtained analytically as

: tan yg 1
smg - [sinﬁ - tanﬂtan{] I

JRE: — 12

where RR is the outer radius of the spherical rotor, I is the
distance between the rotor cross section and the center of the
rotor, and ¢ = arccos {cos {arctan [cos ys tan 8]} - sin ys}.
When the rotor tilts to a certain tilting angle, the curve
of the circumferential angular position is given in Fig. 7(a).
It can be observed that the polar angle y is not equal to
the azimuth angle y5 due to the tilting motion. As a matter
of fact, there is an angle shift denoted by (y—y5) between

y = /2 + arcsin -¢ M
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them, as illustrated in Fig. 7(b). It is worth noting that the
angle shift will be multiplied by the number of pole-pairs
p in the phase shift of the back-EMF since the phase shift
is expressed by electric degree. Similarly, the full region
mapping relationship y = fa(B, ys) can be obtained with
arbitrary tilting angle 8 according on (1).

Thus, as demonstrated in Fig. 8, the initial phase of a tooth
coil’s induced voltage can be calculated as

chi,j =p- I:fa_l (/37 Vp,i,j) _fa_l (:37 ycfi,j)] (2)

where y. and y, are the polar angles of a coil and a
magnetic neutral plane, respectively. The subscript i and
j are the sequence numbers of the slice and the tooth,
respectively.

Considering that the phase information is the priority for
orientation measurement, the relative magnitude rather than
the absolute magnitude is calculated for further simplifi-
cation. The relative magnitude of the back-EMF is calcu-
lated based on the relative pole-arc coefficient a,, which is
defined as

Qpr = Wp/Tp 3)

where wp is the width of the rotor pole in rotor cross
section, and 7, is pole pitch before the rotor tilts as shown
in Fig. 5.

By applying the knowledge of solid geometry, the rel-
ative pole-arc coefficient o, can be obtained, as shown
in Fig. 9.

Based on the fact that the rotor magnetic field distribu-
tion in the air gap is almost sinusoidal along circumferential
direction after rotor pole optimization, only the fundamental
component of rotor magnetic field needs to be considered.
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According to the Fourier series of a three-level square
wave as shown in Fig. 10, the magnitude of the fundamental
component is obtained as

4 LT
Ar= =M -sin (5%) 4)

It can be found out from (4) that the magnitude of the
fundamental component is proportional to the sine of the
product of 7/2 and the pole-arc coefficient «y. There-
fore, the magnitude of a coil’s induced voltage can be
expressed as

Ec ij= Cp-sin [%apr (B ys_i,j)] )

where Cp, is a constant coefficient, o, is the function of the
tilting angle B and the azimuth angle y;_j .

As the rotor revolves, the fundamental component of a
tooth coil’s induced voltage can be expressed as

e(t)e_ij = Ec_ijcos (ot + Vi) (6)
Finally, the phase back-EMF e(t),, can be calculated by the
sum of the coil’s induced voltages e(t)c_i,j as

Ns Np

et =Y Y et)eij )

i=1 j=1
where Njs is the number of axial segments of the tilting stator,
and Np is the number of coils in one phase.
The coil’s induced voltage and the phase back-EMF can be
expressed by the phasor as

Ecij=Ec;jeVii =Ec i/ i )]
Ns Np

Ey = By’ = Eyly =) ) Ecij )
i=1 j=1
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Thus we can obtain both the magnitude and initial phase as

Ns Np
Ep=) > Ecijcos(Veij)
i=1 j=1
Ns Np )
> > Ecijsin (Vi) (10
i=1j=1
= 1
Yp = arctan Ne N
> > Ecjcos (Ve i)
i=1j=1

B. BACK-EMF IN THE ROTATING STATOR
Similarly, the back-EMF in the rotating stator can also be
obtained by using the cross sections as shown in Fig. 11.

It can be observed that the tilting motion has little
influence on the above cross section. In fact, the polar
angle y is almost equal to the azimuth angle y5 as shown
in Fig. 12(a). As a result, the polar angle shift (y—ys) is
very small as shown in Fig. 12(b). Therefore, it can be
assumed that the tilting motion has little influence on the
back-EMF in the rotating stator. This assumption is also
verified by the 3D FEM results as shown in Fig. 13, where
the curves of back-EMF with different tilting angle 8 do not
change much.

FIGURE 11. Rotating stator and rotor. (a) 3D model. (b) Cross section with
z =0 mm, g = 9°. (c) Cross section with z = 5.5 mm, g = 9°.
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FIGURE 14. Definition of the rotor position angles. (a) Rotor output shaft.
(b) Relative position of the three-phase winding.

Phase A

Based on the above facts, the rotating stator can be used
to detect the rotating motion, rather than detect the tilt-
ing motion. In this case, the common back-EMF methods
used in single-DOF PM synchronous motors can be directly
adopted.

IV. ORIENTATION DETECTION BASED ON BACK-EMF
A. POSITION ANGLE DEFINITION
The tilting motion can be generally defined by two angles,
i.e., the azimuth angle « that indicates the tilting direction
and the zenith angle § that indicates the tilting angle in the
stator spherical coordinate system, as shown in Fig. 14(a).
Meanwhile, the rotating motion is defined by the rotating
angle 6 of the rotor around its own output shaft. Besides,
the relative position relationship between the stator spherical
coordinate system and the three-phase windings are shown
in Fig. 14(b). The X-axis is placed in the central axis of
phase A.

B. BACK-EMF ANALYSIS
The initial phase and relative magnitude of the back-EMF
are obtained using the proposed simplified back-EMF model,
with the tilting motion taken into account. The results of the
initial phase are shown in Fig. 15, where the tilting stator is
segmented into 10 slices with a small thickness of 2 mm.

The results of a single slice in different axial positions are
shown in Fig. 15(a)—(c). It can be observed that the slice with
the axial position z = 31 mm, which is the closest slice to the
motor center, has a smaller phase shift than the FEM results,
whereas the slice with the farthest axial position z = 49 mm
has a larger phase shift than the FEM results, as the rotor tilts.
As a consequence, the result of the stator slice with the axial
position z = 38 mm matches the FEM results best. However,
this special axial position is difficult to be predicted before
the calculation. Therefore, the synthetic result that calculated
from all the stator slices is adopted to evaluate the initial phase
of the back-EMF as shown in Fig. 15(d). It can be observed
that the synthetic result is in good agreement with the 3D
FEM results as the tilting angle varies.

The relative magnitude of the back-EMF is also obtained
synthetically. In order to compare with the 3D FEM results,
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the constant coefficient Cy, is selected as

(11

where Epgm, B = 0° and E, B = 0° are the magnitudes from
the 3D FEM and the proposed back-EMF model, respectively.
In this case, the results of the magnitude are illustrated in
Fig. 16. It can be observed that the analytical and the FEM
results have the same trends as the tilting angle increases.
Compared with the curves of magnitude in Fig. 16, it is
obvious that the curves of initial phase in Fig. 15 have better
linearity and monotonicity. Therefore, the initial phase of the
back-EMF is more suitable in rotor orientation measurement.
The above results are obtained in tilting direction o = 0°.
In fact, both the tilting angle B and the tilting direc-
tion o can be obtained based on the phase differences
WpaB = Wpa—Ypp and Wppe = Wpp—Vpc. Here, the phase
difference is adopted because it can describe the relative
change of the initial phase better. When the rotor tilts in dif-
ferent tilting directions, the relationships between the phase
differences and the tilting angle are shown in Fig. 17.
It can be observed from Fig. 17 that the phase difference
is almost linear with the tilting angle. Besides, the variation

Cim = Erem,p=0° / Ep p=0°
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(j) Tilting stator D with « = 180°.

trend obviously changes with the tilting direction. In fact,
it can be proved that there only exists one unique combination
of phase differences Wpap and Wppc that corresponds to a
specific tilting position, which is defined by a combination
of tilting direction « and tilting angle 8.

The full region relationships between the phase differences
and the rotor tilting position are further illustrated in Fig. 18.

It is noticed that there is a shift of 180 electrical degrees
between the phase differences from the two tilting stators with
respect to the tilting direction ¢, which is caused by the mirror
symmetry deployment of tilting stator U and D. Therefore,
any of the two tilting stators can actually be used to detect the
tilting motion independently.

Now, the inverse solution can be obtained mathematically
based on the above full region relationships as illustrated
in Fig. 19. Thus, by measuring the phase differences of the
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FIGURE 18. Phase difference of the back-EMF varies with tilting direction
« and tilting angle g. (a) Phase difference ¥, from tilting stator U.

(b) Phase difference Wpp( from tilting stator U. (c) Phase difference ¥,5g
from tilting stator D. (J’) Phase difference ¥,gc from tilting stator D.
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FIGURE 19. Results of the inverse solution. (a) Tilting direction o detected
by tilting stator U. (b) Tilting angle B detected by tilting stator U. (c) Tilting
direction o detected by tilting stator D. (d) Tilting angle g detected by
tilting stator D.

three-phase back-EMF from any of the two tilting stators,
both the tilting direction « and the tilting angle S can be
easily obtained using the look-up table of the inverse solution.
Take a data point S in Fig. 19 a) and Fig. 19b) for example,
the phase differences Wpap and Wppc are 85 and 195 elec-
trical degrees, respectively, then it can be obtained from the
inverse solution that the corresponding tilting direction is 60°
and the corresponding tilting angle is 9°.

C. DEPLOYMENT OF DETECTING COILS

Considering that there are situations when the original stator
coils or windings are not available to provide the back-EMF
for rotor orientation detection. For example, when there are
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FIGURE 20. Deployment of detecting coils.
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FIGURE 21. Phase difference of the back-EMF in detecting coils.
(a) Tilting direction o = 0°. (b) Tilting direction o = 90°. (c) Tilting
direction o = 180°. (d) Tilting direction « = 270°.

no free phase and it is too time-consuming to extract the
back-EMF from the terminal voltage by complex algorithm.
In these cases, the rotor orientation detecting coils become an
alternative to provide the back-EMF.

Similarly, three detecting coils at least are needed to pro-
duce the three-phase back-EMF discussed above. It can be
observed from Fig. 20 that the detecting coils are arranged
around the PM rotor and evenly distributed in a plane close
to the end of the rotor, which is quite similar to the position
of the three-phase windings in the tilting stators.

When the rotor tilts in different tilting directions, the rela-
tionships between the phase differences and the tilting angle
are shown in Fig. 21, of which the variation trend is very
similar to that of Fig. 17. Therefore, the detecting coils can
also be made full use of to detect the rotor orientation.

V. EXPERIMENTAL VERIFICATION

A. EXPERIMENTAL SETUP

A prototype motor of the investigated T-PMSpM has been
manufactured to validate the proposed multi-DOF orienta-
tion measurement method. The experimental setup used for
back-EMF measurement is illustrated in Fig. 22. The servo
motor, together with its pedestal, can move around the proto-
type motor manually as the tilting angle g varies, as demon-
strated in Fig. 22(b) and Fig. 22(c).

In the back-EMF measurement, the prototype motor is
driven by the servo motor and rotates at a constant speed.
Then, the three-phase back-EMF waveforms from the three
stators are measured with different rotor tilting positions,
respectively. The arc guide is used to indicate the tilting angle
of the output shaft.
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FIGURE 22. Experimental setup. (a) Overall view. (b)—(c) Top view with
tilting angle 8 = 0° and g = 12°, respectively.
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FIGURE 23. Measured phase back-EMF waveform from tilting stator U

when the tilting direction « = 0°. (a) Tilting angle g = 0°. (b) Tilting angle
B = 3°. (c) Tilting angle g = 12°. (d) Tilting angle g = 15°.

B. MEASURED RESULTS

The back-EMF was measured with a constant rotating speed
of 50 rpm. The range of the tilting angle g in the experiments
is from 0° to 15° with an increment of 1° when two different
tilting directions of 0° and 90° are investigated, respectively.

Some representative results of the measured back-EMF
with tilting directions of 0° and 90° are illustrated in
Fig. 23 and Fig.24, respectively. It can be observed that,
on the one hand, the three-phase symmetry of the back-EMF
no longer exists after the rotor tilts, and on the other hand,
the variation trends with different tilting directions are also
different. In fact, the phase difference changes in the same
way exactly as theoretically calculated above when the tilting
direction « and tilting angle 8 vary simultaneously.

Based on the measured results of three-phase back-EMF,
the values of phase differences with various rotor orientations
can be obtained. Thus the rotor tilting positions, i.e., the tilt-
ing direction « and tilting angle 8 can be easily calculated
according to the inverse solution, which is given in Fig. 19.
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=
g 89.7 Actual tilting direction %n 15 Actual tilting angle 82
153 -0-- Detected tilting direction —6— Detected tilting angle B
5 808 § 12 o bror 03 -
55 899 2% 9 02 2
£ 38 90.0 238 |/ aad01 T
= Y 3 — 6§ g
L) 90.11 o 50-0-0" 6.6.0-6-6-] g SN “ - o
g " 902f ¢ 3 3 -0.1
£ 903 A -0.2
2 904 0 0.3

0 3 6 9 12 15 0 3 6 9 12 15

Desired tilting angle 8~ (deg.) Desired tilting angle 8~ (deg.)
(a) (b)

FIGURE 26. Detected rotor tilting positions from tilting stator U when the
tilting direction « = 0°. (a) Tilting direction. (b) Tilting angle.

The experimentally detected results with tilting directions
of 0° are shown in Fig. 25, where the detected results are also
compared with the actual values for verification. It can be
observed that the detected results are in good agreement with
the actual values, the maximum errors of the tilting direction
o and the tilting angle g are both smaller than 0.2°.

The experimentally detected results with the other tilting
directions of 90° are shown in Fig. 26. It can be observed that
the detected results are still in good agreement with the actual
values when the rotor tilts in different tilting direction, which
validates that not only the tilting angle 8 but also the tilting
direction « can be detected by the back-EMF.

The experiments verify that the proposed multi-DOF ori-
entation measurement method can be utilized to detect the
rotor tilting position of the T-PMSpM effectively.

VI. CONCLUSION

In this paper, a novel tiered type permanent magnet spher-
ical motor with the advantage of larger torque ability is
proposed. In order to create a simple solution for detecting
the multi-DOF rotor orientation, which is critical but also
difficult for spherical motors, a multi-DOF rotor orientation
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measurement method is specially proposed by making full
use of the phase difference. On the one hand, the tilting stators
or detecting coils are used to detect the tilting motion based
on the phase differences of the three-phase back-EMF, which
change as the rotor tilts. On the other hand, the rotating stator
can be used to detect the rotating motion like common PM
synchronous motors, based on the fact that its back-EMF is
insensitive to the tilting motion.

From the analytical calculation which is performed by
using the simplified back-EMF models, it can be concluded
that the intrinsic reason of the phase-shift phenomenon is
actually the change of the geometric relationship between the
rotor and the stators, especially the change of the positions of
the rotor poles. The three-phase symmetry of the back-EMF
will no longer exist after the rotor tilts, however, the phase
differences of the asymmetric back-EMF contain complete
information about the rotor tilting position. Therefore, both
the tilting direction and the tilting angle can be easily calcu-
lated based on the phase differences according to the inverse
solution.

The back-EMF of the prototype is measured with dif-
ferent tilting angles in two different tilting directions for
verification. The rotor positions detected from the measured
back-EMF are in good agreement with the actual values, thus
validating the correctness and effectiveness of the proposed
multi-DOF rotor orientation measurement method.
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