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Modeling and Iron-Effect Analysis on Magnetic Field
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Actuators With Iron Stator
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Abstract—This paper presents a three-degree-of-freedom permanent magnet (PM) spherical actuator with an iron stator. The
major contribution of this paper is to study the effect of iron stator on the magnetic field and torque output of the electromagnetic spherical actuator quantitatively and qualitatively. It could
be helpful for actuator design optimization. Based on the poles’
arrangement and the iron boundary, the magnetic field of the PMpole rotor and the actuator torque are formulated analytically. The
effect of iron stator on the magnetic field and torque output is analyzed with respect to structural parameters. The result shows that
the iron stator can increase the radial component of the flux density
and thus the actuator torque output significantly.
Index Terms—Actuators, magnetic fields, modeling, permanentmagnet motors, torque.

I. INTRODUCTION
spherical actuator is a device that can generate multidegree-of-freedom (multi-DOF) rotational motions in a
single joint. It has wide potential applications in robotic joints,
flexible machining, precision assembling, and omnidirectional
wheels, due to its compact structure, low inertia moment and
nonsingularity in workspace. Williams and Laithwaite [1] have
designed the first 2-DOF spherical induction motor. The rotor is
made of ferromagnetic material with a spherical barrel-shaped
surface. A copper mesh is inlaid on the rotor surface to allow
induction current to travel in longitudinal and latitudinal directions. The laminated stator consists of two multiphase winding
blocks that can create a rotational magnetic field, and thus induce
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the current on the surface of the rotor. The interaction between
the induced current and the stator magnetic field produces a
2-DOF motion on the rotor. Davey et al. [2] derived the torque
model of this induction motor by integrating the Maxwell stress
moment over the spherical rotor surface. A 3-DOF induction
spherical motor was conceptualized by Vachtsevanos et al. [3].
Three sets of windings are mounted on the stator and excited to
generate induced current on the rotor surface, and thus to drive
the rotor to achieve 3-DOF rotations. The mechanical complexity and the inherent poor servo characteristics of this spherical
induction motor led Lee et al. [4] to develop a 3-DOF spherical stepper based on the principle of variable-reluctance. Coils
are mounted on a hemispheric stator structure with iron teeth,
whereas a pair of PM poles are assembled on the nonmagnetic
rotor. By energizing the stator coils sequentially, the rotor is
pulled to desired positions. Permanent-magnet (PM) spherical
actuators that can achieve 2/3-DOF motion are developed by
Wang et al. [5]. The rotor is housed within the spherical hollow
stator on a low friction surface coating. On the application of
current to the stator windings, the resulting torque can orientate
the rotor to certain positions. Chirikjian et al. [6] made a spherical stepper with a PM-pole plastic rotor and a stator with an
array of coils. Difference in the symmetric layout of rotor and
stator poles allows stepping motion in three orientations. Yang
et al. [7] proposed a 3-DOF spherical actuator composed of a
rotor with two magnet poles and a stator with five electromagnet poles. Through the interaction of rotor and stator magnetic
fields, the rotor can make an arbitrary orientation and a spin.
Kahlen et al. [8] developed a spherical motor consisting of a
rotor with 112 PM poles and a stator with 96 windings. The stator hemisphere and the stator poles are made of a soft-magnetic
composite. The poles were arranged symmetrically corresponding to longitude and latitude of a globe. Supplied current in the
coils interacts with the magnetic field by the stator, and thus
produces 3-DOF rotor motions. The actuator torque was calculated numerically. More recently, Dehez et al. [9] developed a
2-DOF spherical induction motor composed of a two-layer rotor
with teeth surrounded by five inductors on the laminated stator.
The inductors generate a slipping magnetic field on the rotor,
and thus move it in 2-DOF. The rotor can achieve unlimited
angular range. Lee et al. [10]–[13] have developed a spherical
wheel motor based on the principle of variable reluctance. Eight
PM pole pairs are mounted on the rotor, whereas ten electromagnet pole pairs on the ferromagnetic stator. It offers a means
to control the orientation of a rotating shaft in an open-loop
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fashion. Ueno et al. [14] proposed a miniature spherical motor
using iron gallium alloy (Galfenol) consisting of four rods of
Galfenol with square cross-section, a wound coil, a permanent
magnet, an iron yoke and a spherical rotor placed on the edge
of the rods. When currents of 180 phase difference flow in pairs
of opposing coils, a torque is exerted on the rotor by pushing
(expansion) and pulling (contraction) of the rods.
In our study, a spherical actuator with layers of PM rotor poles
and stator air-core coils has been proposed. One of the major
features of this spherical actuator is that the structure of two
force/torque generating elements, PM and coil poles, are parameterized, which helps us to observe the relationship between
structural parameters and torque output. This provides a way to
increase the actuator torque by selecting structure dimensions.
In the first stage [15], an aluminum stator is employed for the
actuator design. However, it was found that the torque output is
not very high. Therefore, the objective of this paper is to propose a design concept of the PM spherical actuator with iron
stator to increase the torque output, because high permeability of ferromagnetic material may help to reduce the magnetic
energy loss, and thus to increase the force to the power ratio.
Although spherical actuators with iron stators have been developed previously [2], [10], [16], there is no detailed analysis on
the iron effect. This paper studies the iron effect on magnetic
field and torque output quantitatively and qualitatively, which
could be useful for design optimization of actuator structural
parameters. Unlike conventional motors with soft iron in the
magnetic loop, the employment of ferromagnetic material in
this actuator design does not affect the linearity of the torque
model. A multichannel current controller has been developed to
regulate the currents independently in the stator coils, and thus
to drive the rotor to any orientation within the workspace.

II. FORMULATION OF THE MAGNETIC FIELD
Analysis of PM rotor’s magnetic field is a precondition of
torque modeling that in turn is significant for actuator control. The challenge of magnetic field formulation for spherical
actuators is that the flux density is a vector that varies in threedimensional (3D) space. In this study, Laplace’s equation is
employed to solve the magnetic scalar potential, and thus to
formulate the magnetic field distribution analytically.

A. Assumptions
1) The magnetic permeability of air space is the same as that
of free space.
2) The magnetic permeability of stator iron is much greater
than that of air space.
3) PMs are assumed to be ideal with field relationship described by the linear second quadrant of a PM demagnetization curve.
4) PM poles are magnetized uniformly.
5) The medium in the magnetic field is homogenous.
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Fig. 1. Geometry of rotor and stator poles. (a) Rotor and stator space.
(b) Sectional view of the coil shape.

B. Geometry of Rotor and Stator Poles
Due to the high power density of PM, it is widely used for
design of actuators [17]. As illustrated in Fig. 1(a), the proposed
spherical actuator consists of a rotor with alternatively magnetized PM poles along the equator, and an iron stator with two
layers of air-core coils. Fig. 1(a) presents the shape of a single
rotor pole - an approximated dihedral cone enclosed by ABCD
and abcd that can be specified by four parameters: α, β, Rr,
and Rb . Conical-shaped coil [see Fig. 1(b)] is specified by four
parameters, i.e., R0 , R1 , ζ0 , and ζ1 . This geometric shape can
take advantage of the space surrounding the rotor effectively,
and facilitate the actuator torque formulation in the spherical
coordinates.
C. Characterization of Rotor Space
The three regions in Fig. 1(a) are characterized by
B1 = μ0 H1 , B2 = μ0 μm H2 + μ0 M0 , B3 = μ0 μr H3

(1)

where B is flux density and H is magnetic intensity. The subscripts “1, 2, 3” denote Region 1 (air space surrounding the rotor), 2 (PM rotor poles), and 3 (ferromagnetic rotor core) respectively. μ0 , μm , and μr are magnetic permeability of free space
(H/m), relative recoil permeability of PM and relative permeability of ferromagnetic materials respectively. M0 = Brem /μ0
is the residual magnetization vector in A/m. In spherical coordinates, the residual magnetization vector of the pth PM is
expressed as
⎤
⎤
⎡
⎡
M0,r
cos(φ − αp ) sin θ
M0 = ⎣ M0,θ ⎦ = (−1)p−1 |M0 | ⎣ cos(φ − αp ) cos θ ⎦ (2)
M0,φ
− sin(φ − αp )
where αp = α/2 + 2π(p − 1)/P , p = 1, 2, . . . , P . P is the total number of PM poles. And (2) is only valid in
0<φ−

π β
π β
2π(p − 1)
< α, − < θ < + .
P
2
2
2
2

D. Laplace’s Equations and Solution
H is curl free and can thus be expressed in terms of a scalar
potential function Φ in spherical coordinates
H = −∇Φ = Hr er + Hθ eθ + Hφ eφ

(3)
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where er , eθ , and eφ are respective unit vectors, Hr , Hθ , and
Hφ are components of magnetic field intensity H. The scalar
potentials are governed by the Laplace’s equations

(μr − μm )nRb2n +1 − Rr2n +1 {nRr2n +1 (1 − μm )

∇2 Φi = 0

m
2) Scalar Potential and Flux Density: Using κm
n ,1 and ξn ,1
and discarding high-order harmonic terms give

3 35 cM0
√ [O4,5 r4 + O4,6 r−5 ]
Φ1 =
8 2π π

(4)

where i = 1, 2, 3. The general solution of Φi is
Φi =

∞ 
n


n
m −(n +1)
(κm
)Ynm (θ, φ)
n ,i r + ξn ,i r

(5)

+ (n + 1 + μm n)Rs2n +1 }[μr n + μm (n + 1)].

× sin4 θ(a cos 4φ − b sin 4φ).

n =0 m =−n

κm
n ,i

ξnm,i

where
and
are coefficients. The angular part of the
solutions to the Laplace’s equation, Ynm , is a complex valued
spherical harmonic function defined by
Ynm (θ, φ)



=

Snm Pnm (cos θ)eim φ ,

a and c in (7) are calculated with
2π

a ± bi ≡

f (φ)e−im φ dφ(m = 4 and m = −4),

E. Boundary Conditions
The particular solutions that characterize the magnetic scalar
potentials of three regions require the specification of the source
m
term and the six unknowns, κm
n ,i and ξn ,i . The unknowns can be
solved from boundary conditions (BC):
1) B1,θ |r =R s = 0, B1,φ |r =R s = 0,
2) B1,r |r =R r = B2,r |r =R r , B2,r |r =R b = B3,r |r =R b ,
3) H1,φ |r =R r = H2,φ |r =R r , H1,θ |r =R r = H2,θ |r =R r ,
4) B3,r |r =0 , B3,θ |r =0 , B3,φ |r =0 = ∞,
5) H2,φ |r =R b = H3,φ |r =R b , H2,θ |r =R b = H3,θ |r =R b ,
where Rb , Rr , and Rs are rotor core radius, rotor radius, and
the stator radius, respectively.

√
c/ π ≡

π

Snm sin2 θ[Pnm (cos θ)]dθ,
0

f (φ) = (−1)p−1 cos φ −

π
(p − 1) , p = 1, 2, . . . , 8. (9)
4

Therefore, three components of the magnetic flux density are
calculated as (To simplify the equation, let α0 = 0.)

3 35 acμ0 M0
√
[5O4,6 r−6 − 4O4,5 r3 ]
B1,r =
8 2π
π

B1,θ

B1,φ

× sin4 θ cos 4φ

3 35 acμ0 M0
√
[O4,5 r3 + O4,6 r−6 ]
=−
2 2π
π

(12)

1) Solution of Unknowns in Scalar Potential: According to
Lorentz force law, only the magnetic field in Region 1 (air)
generates actuator torque. Therefore, solutions of ξnm,1 and κm
n ,1
are important for solving magnetic field distribution. By using
BC, the following results can be achieved
(6)

where
On ,6 = −(On ,3 /On ,4 Rr2n +1 − On ,2 /On ,1 )/(Rr2n +1 − Rs2n +1 )
× Rs2n +1
On ,5 = (On ,3 /On ,4 Rr2n +1 − On ,2 /On ,1 )/(Rr2n +1 − Rs2n +1 )
On ,4 = [(μr − μm )nRb2n +1 ]

III. TORQUE MODELING
A. Torque Generated by a Single Coil
The current passing through the section area of dl in Fig. 1(b)
is Jrdrdζ, where J is the current density in the section area of
coil. Therefore, the torque on a single coil is
Tc = −J

− Rbn +2 Rr2n +1
{nRr2n +1 (1 − μm ) + (n + 1 + μm n)Rs2n +1 }
On ,1 = {[n + μm (n + 1)]Rr2n +1
+ [(n + 1) − μm (n + 1)]Rs2n +1 }

R1

ζ1

rB1,r (r, θ, φ)dl rdrdζ.
R0

ζ0

(13)

C

With B1,r and (13), the actuator torque generated by the ith
coil, denoted as Ti , can be expressed explicitly using the ith
coil-axis position θi and φi with respect to the rotor frame, as
well as the current input Ji passing through this coil, i.e.,
Ti = [Tix , Tiy , Tiz ]T = Tc G(θi , φi )Ji

On ,3 = [μr n + μm (n + 1)]On ,2 /On ,1 − Rbn +2
On ,2 = Rrn +2 (Rr2n +1 − Rs2n +1 )(μr − μm )nRb2n +1

(10)

× sin3 θ cos θ cos 4φ
(11)

3 35 acμ0 M0
√
[O4,5 r3 + O4,6 r−6 ] sin3 θ sin 4φ.
=
2 2π
π

F. Solution of Magnetic Flux Density

ξnm,1 = On ,6 Cn m

(8)

0

2n + 1 (n − m)!
; n, m are integers with the
where Snm =
4π (n + m)!
condition −n ≤ m ≤ n.

κm
n ,1 = On ,5 Cn m ,

(7)

(14)

where
G(θi , φi ) = [gx (θi , φi ), gy (θi , φi ), gz (θi , φi )]T
= eφi (−4 sin3 θi cos4 φi cos θi
− 4 sin3 θi sin4 φi cos θi
+ 24 sin3 θi cos2 φi sin2 φi cos θi ) − eθ i (16 sin3 θi
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× cos3 φi sin φi − 16 sin3 θi sin3 φi cos φi )

15 35
Tc =
μ0 M0 acRc Gζ
8
2
Rc = O4,6 Rc,1 + O4,5 Rc,2
Rc,1 = (R0−2 − R1−2 )/2, Rc,2 = (R07 − R17 )/7


Gζ = Gζ −

3Gζ

, Gζ = 1/5 sin5 ζ1 − 1/5 sin5 ζ0
4

Gζ = 1/5 cos4 ζ0 sin ζ0 − 1/15 cos2 ζ0 sin ζ0
− 2/15 sin ζ0
− 1/5 cos4 ζ1 sin ζ1 + 1/15 cos2 ζ1 sin ζ1
+ 2/15 sin ζ1
eφi = − sin φi ex + cos φi ey
eθ i = cos θi cos φi ex + cos θi sin φi ey − sin θi ez . (15) Fig. 2. Relationship between flux density and stator radius (r = 46.5 mm).
(a) O s , 1 versus R s . (b) O s , 2 versus R s . (c) O s , 3 versus R s .

B. Torque Model for Actuator with Full Set of Coils
With N coils on the stator, torque model of the spherical
actuator with a complete set of coils is obtained
T = Tc QJ

(16)

where J = [ J1 J2 . . . JN ]T is current passing through N
coils, and Q is torque matrix
⎡
⎤
fx (θ1 , φ1 ) fx (θ2 , φ2 ) . . . fx (θN , φN )
Q = ⎣ fy (θ1 , φ1 ) fy (θ2 , φ2 ) . . . fy (θN , φN ) ⎦ .
fz (θ1 , φ1 ) fz (θ2 , φ2 ) . . . fz (θN , φN )
Unlike single-axis motor [18], the torque output of spherical
actuator is dependent on the rotor orientation and current input.
Generally, motors with soft iron in the magnetic loop have nonlinear torque models. However, from (14), the torque model of
this spherical actuator is in a linear fashion, which can greatly facilitate the real-time motion control of the actuator. This torque
model may be applied to spherical actuators with either ferromagnetic or nonferromagnetic stator.
IV. EFFECT ANALYSIS OF AN IRON STATOR
In this section, the derived theoretical models are used to
analyze the effect of iron stator on the magnetic field distribution
and torque output of the actuator.
A. Effect Analysis of Iron Stator on the Magnetic Field
Denoting components 5O4,6 r−6 − 4O4,5 r3 , O4,5 r3 +
O4,6 r−6 , and O4,5 r3 + O4,6 r−6 in (10)–(12), as Os,1 , Os,2 ,
and Os,3 respectively gives

3 35 acμ0 M0
√
B1,r =
Os,1 sin4 θ cos 4φ,
(17)
8 2π
π

3 35 acμ0 M0
√
Os,2 sin3 θ cos θ cos 4φ, (18)
B1,θ = −
2 2π
π

B1,φ

3
=
2



35 acμ0 M0
√
Os,3 sin3 θ sin 4φ.
2π
π

(19)

The relationship between magnetic flux density components and
stator radius can be revealed through the relationships between
Os,1 , Os,2 , Os,3 and stator radius Rs as presented in Fig. 2. The
figure indicates following results.
1) Os,2 and Os,3 are equal to zero when stator radius is
approximately the same as the rotor radius. In other words,
the tangential components of flux density B1,θ and B1,φ
are nearly equal to zero when the stator radius approaches
the rotor radius.
2) Os,1 is larger with the smaller size of stator radius,
which indicates that most fluxes in φ- and θ-directions
are “dragged” to the r-direction due to high permeability
of the stator iron. As a result, the flux leakage starts small
when the stator radius decreases.
3) The largest value of Os,1 (when Rs = 46.5 mm) is about
twice the smallest one (when Rs is very large). When the
stator size is very large, it can be regarded that the stator is made of nonferromagnetic material. Therefore, the
magnetic flux density in the r-direction can be increased
about twice maximally by using an iron stator.
4) Because the torque output of the spherical actuator is produced by the radial component of magnetic flux density, a
stator made of soft iron may help to increase the actuator
torque output.
B. Effect Analysis of the Iron Stator on Torque Output
1) Coil with Fixed Size: As the iron stator affects the
magnetic field distribution of PM rotor, it may also change
the actuator torque output. Let radii of the coil be fixed at
R0 = 46.5 mm and R1 = 50 mm, whereas the stator size increases from 50 mm, i.e., the coil is completely housed inside the
stator. From (14), it is known that Rc = O4,6 Rc,1 + O4,5 Rc,2 ,
where Rc is directly proportional to the torque constant, and

1084

IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 17, NO. 6, DECEMBER 2012

Fig. 4.

Relationship between R c vs. R r /R s .

C. Selection of the Rotor and Stator Radii Ratio Rr /Rs

Fig. 3. Relationship between the torque output and stator radius (R c versus
R s ). (a) Fixed coil size. (b) Variable coil size.

O4,5 , O4,6 can be calculated from stator radius, Rs . The computed relationship between Rc and Rs is presented in Fig. 3(a).
It can be observed that the value of Rc is large for the small size
of the stator. Thus, the actuator torque is also large for small
value of Rs . This result is consistent with the effect analysis of
the iron stator on the magnetic field distribution. In contrast, in
terms of the effect on torque output, an iron stator with infinite
size is equivalent to a stator made from nonferromagnetic materials that does not help to increase the torque output. When
the stator is made from nonferromagnetic materials, Rc is equal
to the lowest value in Fig. 3(a) (4.2 × 104 mm4 ). Compared
with the nonferromagnetic stator, the iron stator can increase
the actuator torque up to 60%.
2) Coil with the Variable Size: The second study of iron
stator effect on torque output is based on variable-sized coil, i.e.,
the external radius of coil, R1 , is equal to the stator radius Rs .
Therefore, R1 will follow the change of Rs . The relationship
between Rc and Rs is plotted in Fig. 3(b). The relationship
between R1 and Rs for an aluminum stator is calculated and
presented with a dotted line. It can be seen that the solid line
is always higher than the dotted line, which indicates that Rc
for the iron stator is always larger than that of nonferromagnetic
stator with the same size, i.e, the iron stator does help to increase
the actuator torque, compared with the nonferromagnetic stator.
Furthermore, when the stator size is small, its effect on the
torque output is more evident. For example, when the stator
outer diameter is about 48 mm, the torque output is nearly
doubled with an iron stator, whereas the percentage for torque
increase is low for stator with the large size due to the large
magnetic flux leakage.

The previous study is based on a rotor with fixed radius.
However, in the actuator design, people prefer to fix the stator
size, and then find the relationship between torque constant and
the ratio of rotor/stator radii. From this relationship, an optimum
ratio can be selected, and thus the rotor size is obtained. This
approach has advantages as follows.
1) The optimization design of actuator can be considered
based on the performance of the whole system including
stator and rotor, instead of individual components.
2) The stator radius can be determined in the first place, to
satisfy the requirements of the maximum actuator size in
various working environment.
3) The use of ratio between rotor and stator radii is regarded
as a nondimensional method, so that the actuator torque
performance can be analyzed without considering the specific dimensions.
The relationship between Rc in torque constant and Rr /Rs
is illustrated in Fig. 4. The maximum value of Rc happens
at Rr /Rs = 0.85. When Rr /Rs is very low, the rotor size is
small, and thus the flux density generated by the rotor is low.
As a result, the value of Rc or the torque output is small. When
Rr /Rs augments, Rc increases. However, when Rr /Rs is larger
than a certain degree, the coil winding is very short. Therefore,
Rc and torque output of the actuator decreases correspondingly.

V. EXPERIMENT VERIFICATION
A. Research Prototype
When the air gap between stator and rotor approaches infinite,
it is equivalent to using a stator made from nonferromagnetic
materials. Therefore, by letting Rs = ∞, the derived magnetic
field and torque output models can be applied to spherical actuators with nonferromagnetic stators. Because at current stage
we have some problems to fabricate an iron stator, an aluminum
stator was utilized to conduct experiment on magnetic field and
torque output, and the measurement result is employed to verify
analytical models. The developed research prototype is shown
in Fig. 5(a). Because of the fixed direction of torque output
in single-axis actuators, controllers that have one channel output are utilized to supply power to the actuators. Multiphase
output controllers [19], [20] are employed by researchers for
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Fig. 5. Research prototype and current controller of spherical actuator.
(a) Research prototype. (b) Current controller.
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Fig. 7. Variation of magnetic flux density B 1 , r in radial direction. (a) θp = 0 ◦ ,
φ p = 45 ◦ . (b) θp = 10 ◦ , φ p = 35 ◦ .

Fig. 6. Comparison of experimental result and analytical model (B 1 , r ).
(a) Experiment versus analytical result (da = 4.5 mm). (b) Variation of B 1 , r
on the rotor surface.

electromagnetic machines. However, as the phases are dependant on each other, outputs from these controllers are considered
as a single output in nature. Unlike the single-axis actuators, the
torque output of spherical actuators includes three orthogonal
components that can vary independently. Thus, conventional
current controllers cannot be used any more. A multioutput current controller as shown in Fig. 5(b) is utilized in this spherical
actuator. Two pieces of this controller will be combined with a
3-DOF rotational sensor that is being developed to regulate the
current inputs of coils individually, and thus to achieve high precision real-time close loop motion control of the actuator. The
details of the current controller will be introduced in another
paper.
B. Experiment on Magnetic Field
1) Magnetic Flux Density B1,r versus θp and φp : Comparisons between experimental result and analytical model are presented in Fig. 6. Fig. 6(a) shows the distribution of B1,r along
the longitudinal (φp ) and latitudinal (θp ) directions (θp = 0
∼ 25◦ , φp = 0 ∼ 360◦ ) at a fixed radial distance da . The analytical and experimental results of the flux density B1,r are
approximately the same. In φ-direction, there are eight positive/negative peaks, which is consistent with eight alternately
magnetized PM poles along the rotor equator. From Fig. 6(b),
B1,r is normal to the rotor surface, and reaches the maximum
value at the center point of PM pole, P2 . At points far away
from the rotor equator such as P1 and P3 , the flux density becomes smaller due to decreased magnetization volume, with
same positive/negative signs. The flux density at the center of
the neighboring PM pole, P4 , also has the maximum value, but

Fig. 8. Torque variation in the radial direction da (θp = 15 ◦ , φ p = 25 ◦ ).
(a) Torque z (T r z ). (b) Torque x (T r x ). (c) Torque y (T r y ).

with opposite sign. This analysis is coincident with the result in
Fig. 6. The difference between experimental data and analytical
model is mainly caused by the omission of high-order harmonic
terms in developing magnetic scalar potential, the fabrication
error of magnets and the measurement error.
2) Magnetic Flux Density B1,r versus da : By fixing angular
parameters θp and φp (θp = π/2 − θ, φp = φ), the relationship
between magnetic flux density B1,r and the air gap between

1086

IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 17, NO. 6, DECEMBER 2012

the measuring point and the rotor surface da can be illustrated.
Fig. 7 presents the variation of B1,r along the radial direction at
(θp = 0◦ , φp = 45◦ ) and (θp = 10◦ , φp = 35◦ ). It can be seen
that the analytical model also fits the experimental result well
along the radial direction.
C. Experiment on Torque Output
The torque output of spherical actuator is a 3D vector with
components Tx , Ty , and Tz defined in rotor frame. The torque
output is a function of the gap between coils and rotor surface.
According to the torque model, the actuator torque is related to
the coil parameters R0 and R1 , which in turn can be expressed
by the gap da between the rotor surface and the coil tip as
R0 = Rr + da , R1 = R0 + Lc = Rr + da + Lc

(20)

where Lc is the coil length. By fixing the values of θp and φp ,
and varying da , the relation between torque output and da can
be obtained. In the torque measurement apparatus, the airgap
da can be adjusted by screwing the coil in or out the fixture.
Fig. 8 shows the torque variation with respect to da at (θp , φp )
= (15◦ , 25◦ ). It can be seen that the torque output decreases with
the increase of da . Therefore, small value of da is preferred to
achieve high torque output.
VI. CONCLUSION
The design concept of 3-DOF PM spherical actuators with
iron stator is proposed in this paper. Due to the employment of
iron stator and air-core coils, the torque output of the spherical
actuator increases. Based on the parameters of rotor and stator poles, the magnetic field modeling method with Laplace’s
equation and the torque modeling method with Lorentz force
law are generalized to derive mathematical models for spherical
actuators with either ferromagnetic or nonferromagnetic stators.
By using the analytical models, the effect of iron stator on the
magnetic field distribution and actuator torque output is analyzed qualitatively and quantitatively in various situations. It is
found that the use of iron stator can reduce the tangential components and enhance the radial one of the magnetic flux density,
and thus increase the torque output of the spherical actuator. As
the aluminum stator can be regarded as a special case of the
iron stator, experiments are conducted on the existing actuator
prototype with aluminum stator to validate the generic models
of magnetic field and torque output. The study could facilitate
the design optimization of spherical actuators.
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