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Design of a Coreless Multi-Phase Electric Motor
Using Magnetic Resonant Coupling
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With the emergence of electric vehicles and electric aircraft technologies, lightweight motors have become a requirement.
Conventional motors are generally made up of coils, permanent magnets, heavy iron stators, and rotor cores. This article presents
complete analytical modeling and design of a novel coreless multi-phase magnetic resonant motor (MMRM), conceptualized through
the approach of magnetic resonance coupling. The removal of magnetic iron cores drastically reduces the weight of the resulting
motor. The stator and rotor cores of the motor are made of reinforced plastic fibers and can be 3-D printed. Unrelated to the
general operating principle of the existing conventional electric motors, resonant wireless power transfer (WPT) is the key feature of
these motors. All the essential machine characteristics, such as self-inductance, mutual inductance, torque, and frequency domains,
are fully developed. The mathematical modeling of the machine’s physical phenomena is linked to its operation by simulation. This
article shows the design concept and discusses the simulation procedure used to verify the developed analytical model through
a finite-element analysis (FEA) from the established modeling topology equivalent to the proposed configuration motor model.
Although the design is straightforward, an accurate analytical modeling and analysis are significant challenges to consider.

Index Terms— 3-D printed, analytical model, multi-phase magnetic resonant motor (MMRM), mutual inductance, self-inductance,
torque, wireless power transfer (WPT).

I. INTRODUCTION

NEW developments in power electronics, especially con-
verters and inverters, have used wireless power trans-

fer (WPT) through magnetic resonance coupling to produce
a wide range of applications. When applied to a transmitting
and receiving coil in a WPT, magnetic resonance coupling
will achieve a more significant distance between the coils,
maintaining a high power transmission efficiency and consid-
erable tolerance for the misalignment of the separated coils
[1]–[6]. Magnetic resonance plays an important role in
physics, because they provide a strong response to weak
signals in weakly coupled coils. The concept of WPT using
magnetic resonance coupling was first proposed in [1].

Different electric motors are built around a magnetic steel
core. In most cases, the magnetic steel core accounts for more
than 80% of the machine’s weight and is used as a magnetic
circuit to increase power density and torque [7]. To reduce the
overall weight of the motor, new designs and models without
the steel core have been proposed [8]–[13].

A coreless multi-phase magnetic resonance motor removes
the iron core and its primary magnetic circuit, which account
for most of the mass of the machine. This removal presents
some practical advantages, especially in the case of saturation
and iron loss elimination, good overload capability, low inertia
and cogging torque, efficiency in high-speed operation, and
a straightforward implementation [7], [10], [11]. In Fig. 1,
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Fig. 1. 3-D model of a multi-phase resonant magnetic motor.

a conceptual 3-D model of the multi-phase resonant magnetic
motor is illustrated.

To make the motor coreless and air-cored, its stator and
rotor cores are made of a reinforced plastic fiber that is
a non-magnetic material. The air-gap length is essentially
between stator and rotor phase windings. The effect of the
design approach is that the magnetic load of the motor is
drastically reduced, directly affecting the output torque of the
motor. To improve the performance power rating, capacitors
are introduced to the phase windings to offset the machine’s
inductive reactance and attain resonance under a specific slip
to increase the electrical load at a given voltage. The capacitor
that resonates with the leakage inductance compensates for
the leakage inductance voltage drop and increases the current
level with a constant rated voltage [14]. The torque improves
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Fig. 2. Basic model of the MMRM.

at resonance, and the effective motor impedance reduces.
The essential motivation behind the proposed coreless multi-
phase magnetic resonant motor (MMRM) is the application
of magnetic resonant coupling to electromechanical energy
conversion systems in a consolidated approach. The air-gap
length of such machines can be quite large. In addition, the air-
cored non-magnetic structure avoids self-excitation with series
capacitors, which would be a concern in iron-cored induction
machines.

The proposed system is a two-phase coil machine with two
primary windings at the stator and two secondary windings
at the rotor. The multi-phase windings are tied to a multi-
phase inverter. A benefit of having a multi-phase winding
with capacitors in each phase tied to a multi-phase inverter
is reduced winding harmonics. The multi-phase coils are
represented with a red and blue radial pattern in Fig. 2,
showing both the stator and the rotor of the motor. A total of
four separate windings are used. The efficiency of the system
fluctuates with its resonant frequency [8], [13].

This kind of a high-speed, coreless magnetic resonance
induction motor is proposed in [8]–[13] and [15]–[22]. The
equivalent circuits are the same for all the reported results
model in these papers. It is important to note, however,
that the structure proposed in [18]–[20] is a three-phase
machine structure for both the stator and rotor coils that is
different topologically to that presented in [8]–[13], which
is a two-phase machine. However, the proposed machine
characteristics, such as self- and mutual inductance, are not
modeled, and the results in these papers are only based on a
finite-element analysis (FEA) analysis with no corresponding
established analytical model.

In [8], a similar concept is described for a linear-type
MMRM. However, the frequency model used for the analysis
was not fully developed. Ebot and Fujimoto [9]–[13] extended
the model to a radial-type MMRM, and parameters of the
machine are verified for different air-gap lengths reported
in [10]. In [12], there is an attempt to develop a numerical
model for this type of machine, and detail conditions for
machine operations are also presented in this article.

A different method is applied in [21], where frequency
splitting is used to create an excitation sequence in a multi-
stator phase system. The generated torque is very small, and
there is no analytical model of the motor parameters, such as
torque.

In this article, advanced complete analytical mathematical
models to design and analyze a novel multi-phase magnetic
resonant electric motor are proposed. The torque generation
is confirmed through the FEA of the equivalent analytical
mathematical model configuration.

The proposed MMRM presented in this article falls under
a new generation of air-core, magnetless, and coreless electric
motors [6]. These types of electric motors have the following
merits [9]–[13], [15]–[22].

1) Lighter in weight, since the stator and rotor cores are
made of a non-magnetic-reinforced plastic fiber. Essen-
tially, there is no core loss and flux saturation.

2) The magnitude and direction of the output torque can
be controlled through the excitation frequency [15].

3) Regardless of the load conditions, the machine provides
the inherent characteristics of unity power factor [18].

4) The rotor can extract power from the stator to power
devices installed on the rotor side, regardless of the
rotation speed of the motor.

In principle, the facilitation of the MMRM lightweight design
is possible, because, in the high-frequency (HF) megahertz
range, WPT does not necessarily need to use ferrite core
material [20].

The rest of this article is organized as follows. Section II
introduces the configuration and design layout related to the
operation of the proposed motor, as well as a complete ana-
lytical mathematical model, in which the inductance, voltage,
and torque equations are derived and extensively formulated.
Section III describes the resonant frequency model of the
entire motor circuit considering the influence of the rotor
speed. In Section IV, the proposed theory of the motor is
validated through FEA simulations, and the torque generation
was confirmed. Section V discusses the results, and finally,
Section VI summarizes this article.

II. MACHINE CONFIGURATION, DESIGN, AND MODELING

A. Theory of Machine Operation

An idealized cross-sectional model of the MMRM is shown
in Fig. 2. The stator and rotor coils in the MMRM are a
two-phase winding arrangement with the current direction,
as shown in Fig. 2. The rotary actuation mechanism in this
effort is similar to that in conventional induction motors,
in which a current in the rotor coils needed to produce
the torque is obtained from the magnetic field of the stator
winding, otherwise, known as the field winding [7]. But,
unlike in conventional induction machines, the current in the
rotor winding is induced through magnetic resonant coupling
technology within a resonant frequency. To achieve resonance,
both the stator and rotor windings are connected to an added
capacitance forming an LC coupled system.

The stator and rotor multi-phase winding systems of motor
have a phase difference of 90◦. To set up a rotating magnetic
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field flux, sinusoidal voltage sources with the 90◦ phase
difference are driven through the fixed stator winding mounted
on the stator side of the proposed MMRM motor. This moving
field flux induces currents in closed loops of wires winding
mounted on the rotor. These currents set up magnetic fields
around the windings and cause them to follow the main
magnetic field as it rotates. The voltage frequency is close
to the resonant frequency of the system. Compared with
traditional induction motors, the air-gap length between the
stator and rotor windings is larger.

B. Resonant Power Conversion Topologies

The electromechanical energy conversion in the motor is
realized through a WPT resonant circuit topology. There are
four main resonant topologies implemented in WPT, namely,
series–series (SS), series–parallel (SP), parallel–series (PS),
and parallel–parallel (PP) [23]. The first letter in the nomen-
clature indicates the type of compensation on the primary
side, and the second shows the kind of resonance used on
the secondary side.

The complexity for choosing a suitable topology is also
discussed in [23]–[28]. These topologies, when implemented,
determine the efficiency of the power transferred and delivered
to the secondary side of the WPT systems, in which case the
rotor winding of the motor. The four topologies are denoted
as SS/SP/PP/PS for convenience. A benefit for utilizing the SS
topology in the motor is applying high currents at low voltages
and high speed.

C. Inductance Modeling

Considering the symmetrical configuration of the multi-
phase windings in the motor, as shown in Fig. 2, single-
phase simplified configuration, as shown in Fig. 3, is used for
establishing the stator and rotor winding inductance models.

In a winding arrangement, as shown in Fig. 3, due to the
current I of the conductor, there is an external magnetic field
on the conductor. The magnetic field generated is modeled
according to Ampere’s law by considering an n number of
turns in the winding

H0(x, y) =
[

H0x(x, y)
H0y(x, y)

]
= nI

2π(x2 + y2)

[−y
x

]
(1)

where H0(x, y) is the magnetic field vector at position (x, y)
when the conductor is located at the origin. Since the wires
that make up the stator windings of the motor are placed on the
circumferential point of the stator core, the radial component
of the magnetic field contributed by each stator winding is
described as

H1(x, y) =
2p−1∑
k=0

(−1)k H0

(
x − a1 cos

2πk

p
, y − a1 sin

2πk

p

)
(2)

where p is the number of pole pairs of the machine, k is the
winding constant used to reflect the coil pitch and distribution
factors, and a1 and a2 are the radius from the origin O to
the stator and rotor windings, respectively. The pole pair is
calculated by the number of poles PN as p = (PN /2). A vector

Fig. 3. Model for calculating self-inductance and mutual inductance.

plot of the magnetic field for the different pole pairs (for
p = 1, p = 3, p = 6, and p = 12) using (2) of a typical
MMRM is presented in [9].

From (2), the general expression of the self-flux linkage of
the field winding within an arch path along the circumferential
stator subspace in which the phase coils are arranged is
given by

�L =
∫∫

S
H1 · ûn ds (3)

where ûn is a unit vector normal to ds, and S is a surface
bounded by the coil windings.

The self-flux linkage can be resolved to �ex, the field flux
external to the coil winding, and �in, the internal field flux in
the coil windings. This is expressed as follows:

�L = �in + �ex (4)

where �ex, the external field flux is bounded in the region
[d/a1, π/p − d/a1], and �in, the field flux inside the wire
of the coil windings is bounded in the region [0, d/a1]. The
variable q is a spatial angle. Substituting (2) into (3) and
integrating in the regions bounded by S, the evaluation of
the self-flux linkage computation is expressed as follows:
�11 = μ0lzn1

∫ π
p

0
−[cos q sin q]H1(a1 cos q, a1 sin q)a1dq

= −
⎡
⎣μ0lzn2

1 I1

π

∫ d
a1

0

(
q
d
a1

)
2p−1∑
k=0

(−1)k

2 tan
(

kπ
2p − q

2

)dq

+ μ0lzn2
1 I1

2π

∫ π
p − d

a1

d
a1

2p−1∑
k=0

(−1)k

2 tan
(

kπ
2p − q

2

)dq

⎤
⎦

= − μ0lzn2
1 I1

π
log

[
tan

(
pd

2a1

)]
︸ ︷︷ ︸

:=�ex

− μ0lzn2
1 I1

π

(qa1

d

)∫ d
a1

0

2p−1∑
k=0

(−1)k

2 tan
(

kπ
2p − q

2

)dq

︸ ︷︷ ︸
:=�in

(5)
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TABLE I

COMPARING POLE PAIRS, WINDING WIRE RADIUS, AND INTERNAL AND EXTERNAL INDUCTANCES

where lz is the stack length of the machine windings, d is the
radius of the wire, and μ0 is the permeability of free space.

From (5), the computation of the inductance of the sta-
tor winding can be derived. A good overview of modeling
inductance is reported in [29]–[31]. Analogous machine con-
figuration, analytical models of stator and rotor inductance are
presented in [9]–[13], in which only the external field flux �ex

of the coil winding is considered.
As described in [31], when considering the fields corre-

sponding to the external and internal fields of the coil winding,
accurate analysis and computational modeling of inductance
can be achieved. This extended inductance model will enable
us to study other important characteristics of the motor, such
as the skin effect and the influence of frequency on the current
density distribution in the coil windings.

Therefore, from (5), the total inductance can be expressed as

Li = Lex + L in (6)

where Lex is the external inductance, the part of the inductance
associated with fields external to the coil windings, and L in is
the internal inductance, the part associated with the energy of
the fields inside the wire windings, on a point di , such that
di < d .

The stator winding self-inductance is, therefore,
expressed as

L1 = − μ0lzn2
1

π
log

[
tan

(
pd

2a1

)]
︸ ︷︷ ︸

:=Lex

− μ0lzn2
1

π

(qa1

d

)∫ d
a1

0

2p−1∑
k=0

(−1)k

2 tan
(

kπ
2p − q

2

)dq

︸ ︷︷ ︸
:=L in

. (7)

The inductance model in (7) is a complete model, which is
different from the one reported in [9]. As shown earlier, Lex

can be analytically computed for any number of pole pairs
of the machine, whereas L in becomes more complicated to
compute, as the pole pairs increase.

From Table I, the following observations can be made about
the internal inductance L in.

1) As the wire size becomes smaller (d ≤ 1 mm), com-
pared with the external inductance Lex, L in will become
insignificant. Therefore, L in can be ignored in this case.

2) Larger wire sizes have more influence on L in.
3) As the number of pole pairs p increases, the internal

inductance L in becomes significant and not negligible
compared with the external inductance Lex.

4) For all wire sizes and pole pairs, the external inductance
Lex is always higher than the internal inductance L in.

A typical coil winding in the motor is made of wires of very
small radius sizes (<1 mm). It can be assumed that uniform
current density distribution exists throughout the wire radius.
In such a case, L in is dropped in the model.

The inductance analysis of the complete machine model is
confined in two regions, viz., the stator windings and the rotor
windings, and is expressed as

Li =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

L1 = −μ0lzn2
1

π
log

[
tan

(
pd

2a1

)]

L2 = −μ0lzn2
2

π
log

[
tan

(
pd

2a2

)] (8)

where L1 and L2 are the self-inductance of the stator side and
the rotor side, respectively.

The mutual flux linkage between the stator and rotor wind-
ings can be obtained along with the angular position of the
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rotor over the boundary [θ, (π/p) + θ ], as follows:
�12

= μ0lzn2

∫ π
p +θ

θ

− [cos q sin q]H1(a2 cos q, a2 sin q)a2dq

= −μ0lzn1n2 I1

2π

∫ π
p +θ

θ

2p−1∑
k=0

(1)kar sin
(

kπ
p − q

)
+ 1

a2
r − 2ar cos

(
kπ
p − q

)
+ 1

dq

= −μ0lzn1n2 I1

4π

2p−1∑
k=0

(−1)k

×
⎡
⎣log

a2
r − 2ar cos

(
kπ
p − θ

)
+ 1

a2
r − 2ar cos

(
(k−1)π

p − θ
)

+ 1

⎤
⎦

= −μ0lzn1n2 I1

2π
log

a2p
r − 2a p

r cos(pθ) + 1

a2p
r + 2a p

r cos(pθ) + 1
. (9)

The mutual inductance between the stator and rotor windings
is derived from (9) as follows:

M(θ) = �12

I1
= −μ0lzn1n2

2π
log

a2p
r − 2a p

r cos(pθ) + 1

a2p
r + 2a p

r cos(pθ) + 1
.

(10)

Further computation approximates (10) as follows:
M(θ) ≈ M1 cos(pθ) + M3 cos(3 pθ) (11)

M1 = p

π

∫ 2π
p

0
M(θ) cos(pθ)dθ =

⎧⎪⎪⎨
⎪⎪⎩

2μ0lzn1n2

πa p
r

, (ar > 1)

2μ0lzn1n2

πa−p
r

, (ar < 1)

(12)

M3 = p

π

∫ 2π
p

0
M(θ) cos(3 pθ)dθ =

⎧⎪⎪⎨
⎪⎪⎩

2μ0lzn1n2

3πa3p
r

, (ar > 1)

2μ0lzn1n2

3πa−3p
r

, (ar < 1)

(13)

M(θ) ≈

⎧⎪⎪⎨
⎪⎪⎩

2μ0lzn1n2

πa p
r

(cos(pθ)+ 1

3a2p
r

cos(3 pθ)), (ar >1)

2μ0lzn1n2

πa−p
r

(cos (pθ)+ 1

3a−2p
r

cos(3 pθ)), (ar <1)

(14)

where ar = a1/a2, and θ is the rotor electrical angle. In this
article, a1 > a2 and ar > 1. For an outrunner type of the
motor, we will have a1 < a2, and hence, ar < 1. Equation (14)
expresses the interaction of the mutual inductance M(θ) with
respect to the electrical angle θ because of the torque generated
in the machine. Further analysis and traces of these variations
are presented in [9].

D. Machine Circuit Analysis

The realization of the motor circuit is achieved by selecting
a suitable resonance topology in the stator and rotor windings.
The SS resonant topology minimizes the impedance on the
stator side and maximizes the current amplitude [14], [27].

Fig. 4. Circuit model of MMRM.

The SS resonant topology also achieves good tolerance and
better response to the fluctuations in the coupling coefficients
of the windings. As shown in Fig. 4, the SS resonant topology
is implemented in the machine. The equivalent circuit on the
stator side and the rotor side is shown in Fig. 4. When the
transmitting and receiving circuits are in resonance, the total
impedance of the equivalent circuit will be minimized, result-
ing in a large current in the rotor winding.

The magnetic inductive resonant coupling between the stator
and rotor windings varies per the rotation of the rotor. The
inductance matrix of the windings L is expressed as

L =

⎡
⎢⎢⎣

L1 0 M0 cos θ −M0 sin θ
0 L1 M0 sin θ M0 cos θ

M0 cos θ M0 sin θ L2 0
−M0 sin θ M0 cos θ 0 L2

⎤
⎥⎥⎦ (15)

where M0 is the optimal value of the mutual inductance
between the stator and rotor windings. The stator and rotor
winding inductances L1 and L2 are already defined in (8).
When the air-gap diameter is 2a2, the pole pitch is defined as
τp = 2πa2/p, and θ = (π/τp)θr is the electric angle of the
rotor. The coupling coefficient between the transmitting stator
winding and the receiving rotor winding changes according to
the rotational movement. This is modeled in [9].

The voltage equation of the equivalent circuit is
expressed as

V = R I + d

dt
(L I) + V C (16)

IC = C
dV C

dt
(17)

where

V = [V1a V1b V2a V2b]T (18)

I = [I1a I1b I2a I2b]T (19)

R = diag(R1, R1, R2, R2) (20)

C = diag(C1, C1, C2, C2) (21)

V C = [VC1a VC1b VC2a VC2b]T (22)
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and V1a , V1b, V2a , and V1b are the windings terminal voltages.
I1a , I1b, I2a , and I2b are currents flowing in each circuits.
R1 and R2 are resistances of the stator and rotor windings,
C1 and C2 are parasitic capacitances of the stator and rotor
windings, and VC1a , VC1b, VC2a , and VC2b are the voltage of
these capacitors in their respective windings.

E. Torque Production

The generated torque is theoretically modeled and analyzed
based on the magnetic energy product relative to the rota-
tional movement in each sub-phase winding, as shown in the
following:

Te = ∂W

∂θr
= dθ

dθr

1

2
IT ∂ L

∂θ
I (23)

where θr is the mechanical angle describing the position of
the rotor with respect to the stator.

Assuming that the currents flowing through the windings
are sinusoidal and given by

I1a = I1 sin(ω1t) (24)

I1b = I1 sin
(
ω1t − π

2

)
(25)

I2a = I2 sin(ω2t − δ) (26)

I2b = I2 sin
(
ω2t − δ − π

2

)
(27)

where δ is a phase delay between the current in the stator and
rotor windings, I1 and ω1 are the amplitude and the angular
frequency of the current in the stator winding, and I2 and ω2

are those found on the rotor winding side.
The terminal voltage V1a , V1b, V2a , and V2b in each sub-

phase winding is obtained substituting (24)–(27) into (15)–(22)
as follows:
V1a = R1 I1 sin(ω1t) +

(
ω1 L1 − 1

ω1C1

)
I1 cos(ω1t)

+ (ω2 + ω)M0 I2 cos(ω2t + θ − δ) (28)

V1b = −R1 I1 cos(ω1t) +
(

ω1 L1 − 1

ω1C1

)
I1 sin(ω1t)

+ (ω2 + ω)M0 I2 sin(ω2t + θ − δ) (29)

V2a = R2 I2 sin(ω2t − δ) +
(

ω2 L2 − 1

ω2C2

)
I2 cos(ω2t − δ)

+ (ω1 − ω)M0 I1 cos(ω1t − θ) (30)

V2b = −R2 I2 cos(ω2t − δ) +
(

ω2 L2 − 1

ω2C2

)
I2 sin(ω1t−δ)

+ (ω1 − ω)M0 I1 sin(ω1t − θ). (31)

Therefore, the torque that is generated, as shown in (23),
transforms into the form

Te = π

τp
I1 I2 M0 sin((ω1 − ω2)t − θ + δ). (32)

The rotor sub-phase windings are short-circuited as in
conventional induction machines. However, in the MMRM, the
equivalent circuit is closed to achieve short circuits by adding
an external capacitance to each sub-phase winding. Hence, the
condition for the rotor winding terminal voltages V2a and V2b

in (30) and (31) to satisfy V2a = V2b = 0 is as follows:
δ = − tan−1 R1

ω2 L2 − 1
ω2C2

(33)

I2 = − ω2 M0√
R2

2 +
(
ω2 L2 − 1

ω2C2

)2
I1 (34)

ω2t = ω1t − θ (35)

ω2 = ω1 − ω. (36)

In the expressions of δ, I2, and ω2 shown in (33), (34), and
(36), these parameters are all obtained separately.

1) Current-Controlled Stator Power Source: The motor is
current-controlled through the current that flows in the stator
winding. Therefore, the generated torque follows the current in
the stator phase windings. In this case, the torque is obtained
substituting the solutions (37)–(40) into (28) and (29) and
applying the voltage equation to the stator side of the machine
as follows:

V1a = I1

√
R2

1 +
(

ω1 L1 − 1

ω1C1

)2

cos(ω1t + γ )

+ ω1 M0 I2 cos(ω1t − δ) (37)

V1b = I1

√
R2

1 +
(

ω1 L1 − 1

ω1C1

)2

sin(ω1t + γ )

+ ω1 M0 I2 sin(ω1t − δ) (38)

γ = −tan−1 R1

ω1 L1 − 1
ω1C1

. (39)

The torque controlled by the amplitude of stator current I1 is
derived substituting (33)–(36) into (32) as follows:

Te,i = π

τp

(ω1 − ω)M2
0 R2

R2
2 +

(
ω1 L2 − 1

ω2C2

)2 I 2
1 . (40)

The direction of the torque is controlled by the sign of the
angular frequency of the stator currents ω1.

2) Voltage-Controlled Stator Power Source: When the
motor is voltage-controlled, the voltage of the sub-phase stator
winding is considered as

V1a = I1 A cos(ω1 + β) (41)

V1b = I1 A sin(ω1 + β) (42)

where

A =
√

R2
1 + X2

1 + ω1ω2 M2
0

(
ω1ω2 M2

0 + R1 R2 − X1 X2
)

R2
2 + X2

2

(43)

β = tan−1 ω1ω2 M2
0 R2 + R1

(
R

2
2+X2

2

)
ω1ω2 M2

0 X2 − X1
(
R

2
2+X2

2

) (44)

X1 = ω1 L1 − 1

ω1C1
(45)

X2 = ω2 L2 − 1

ω2C2
. (46)

Using (41)–(46) and substituting in (32), the voltage-controlled
torque derived, as it scales quadratically with the amplitude of
the stator voltage as follows:

Te,v = π

τp

(ω1 − ω)M2
0 R2

D
V 2

1 (47)
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where

D = (
R2

1 + X2
1

)(
R2

2 + X2
2

)
+ ω1ω2 M2

0

(
ω1ω2 M2

0 + 2R1 R2 − X1 X2
)
. (48)

In (47), it is shown that the magnitude of the torque can be
controlled by V1 defined as V1 = (V 2

1a + V 2
1b)

1/2, the amplitude
of the voltage source in the circuits of the stator windings.
In addition, according to (40) and (47), the generated analytical
torque is affected by the number of pole pairs and the size of
the motor. This fluctuation can be found in the parameter π/τp.

All multi-phase stator and rotor windings are assumed to
be tuned to a resonance condition. The further determination
of these conditions will be discussed in Section III.

III. SELECTION OF THE RESONANCE FREQUENCIES

The effectiveness of modeling the resonant frequency of the
motor is to derive appropriate tuning options to evaluate the
sufficient capacitance value of the capacitors that need to be
added to the stator and rotor windings. The derivation of these
frequencies is obtained by considering the influence of the
rotor speed.

The initial condition assumed for simplification of reso-
nance computation of the MMRM is R1 = R2 = 0. Using
(43), the machine circuit impedance is set to zero under the
condition that A = 0. As a result, the following hold:

ω1ω2 M2
0 −

(
ω1 L1 − 1

ω1C1

)(
ω2 L2 − 1

ω2C2

)
= 0. (49)

Equation (49) is effectively equivalent to D = 0 in (48) for the
same condition R1 = R2 = 0. It is observed that the electric
angle θ of the rotor is independent of this condition. However,
the resonance frequency depends on the slip frequency
ω2(=ω1 −ω), and the slip frequency also depends on the rotor
frequency ω.

At resonance, the stator and rotor windings form a set
of coupled resonators, so that the condition L1C1 = L2C2.
This assumption makes it possible to further decompose (49),
adding up the geometric mean 2(L1 L2C1C2)

1/2 and arithmetic
mean L1C1 + L2C2 to zero. Consequently, we obtain four
solutions to the equation in a complicated form. Taking a
Taylor series expansion of the solution of the simplified
equation with respect to ω1 around ω = 0 up to the first
order evaluates to (50), as shown at the bottom of the page.

This solution presents an adequate model for the com-
putation of the resonance frequencies of the machine in a
generalized form. In (50), the stator and rotor inductances of
the machine are both different, L1 �= L2 and C1 �= C2.

Suppose the motor parameters are designed, such that the
self-inductance of the stator and rotor windings is the same
(L1 = L2); then, for a series resonance in both the stator and
the rotor coils, C1 = C2. Similar techniques are derived for

a linear resonant motor in [8]. The reported results for the
proposed linear resonant motor are typically only investigated
and applied using a simple frequency model.

According to (50), the proposed MMRM has four resonance
frequencies; two are in the negative frequency domain, and the
other two are in the positive frequency domain. All resonant
frequencies are shifted by half the frequency of the rotor.

A. Loses Due to HF
Significant losses in the motor can be accounted for by HF

losses due to self-induced eddy currents that increase, as the
frequency of the power source connected to the multi-phase
stator winding increases. The resistance of the wire increases,
as the frequency increases. The self-induced eddy currents are
affected by L in, the part of the inductance associated with
the current density distribution in the winding. Changes in
L in are due to changing field flux �in penetrating the coil.
An increase in frequency decreases the current because of
change in resistance.

The skin effect is difficult to model in the ideal model.
Due to this phenomenon, as the frequency increases, current
tends to concentrate in an annulus of the coils of skin depth δ.
In a simple 2-D section cylindrical wire, δ = 1/(πωμ0σ)1/2,
and its computation is straightforward in this case. This is not
valid if we are to compute δ for a complete given pole pair of
the MMRM. In that case, the computation becomes complex
due to the complicated nature of modeling the current density
because of the complexity of the field flux �in, as shown in (5).

The skin effect is difficult to derive using our proposed
ideal inductance model. Therefore, the consideration of the
exact computation of the skin effect in the machine will be an
open problem in our future works. Also, quasi-modeling these
properties in resonant machines is reported in [32].

The analysis for theoretical model validation is performed
at the frequency of 85 kHz. This is also the frequency of
the power supply attached to the stator windings of the
MMRM. Compared with conventional induction machines,
this frequency is quite high and will increase frequency losses
in the system that is associated with skin effect in the windings.
The arrangement of the windings is a degree of freedom that
allows for control losses. Di = 2d is the diameter of the
wire in the coil winding. Another way to reduce HF losses is
using copper Litz wires in both the stator and rotor windings
to reduce the skin effect in the analysis. A high skin effect
generated in the winding due to HF increases the impedance
and affects the internal inductance L in [30].

B. Quality Factor
Considering a single pole pair for the analysis, the quality

factor is expressed as

Qi = ω0 Li

Ri
(51)

ω1res =
{

1√
(
√

L1 L2 − M0)
√

C1C2

+ ω

2
, − 1√

(
√

L1 L2 − M0)
√

C1C2

+ ω

2

− 1√
(
√

L1 L2 + M0)
√

C1C2

+ ω

2
,

1√
(
√

L1 L2 + M0)
√

C1C2

+ ω

2

}
. (50)
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Fig. 5. FEA simulation procedure.

where i = 1, 2 denotes the stator and rotor windings, respec-
tively. The total quality factor Q of the machine can be
calculated from Q = (Q1 Q2)

1/2.

C. Efficiency

The total power transmission efficiency between the stator
and rotor windings in the motor is affected mainly by the
coupling of these coils and the quality factors of the interacting
windings. This is fully derived from [23]. In general, the
efficiency is calculated relative to a fixed load, which is usually
connected to the receiving coil in the WPT system. This
efficiency is defined as

η = (k f Qi )
2(

1 +
(√

1 + (k f Qi )
2

)2 . (52)

Equation (52) is the efficiency of the machine’s transmitter
coil and receiver coil. The stator-coil–rotor-coil efficiency is
calculated based on the coupling coefficients of the interacting
windings and their respective quality coefficients.

Since there is no obvious load such as that in the traditional
WPT system, the estimate of the actual power produced by the
motor can be linked to this efficiency.

All analytical model derivations presented earlier were
evaluated through complex algebraic manipulations using
Wolfram-Mathematica 10.0.

IV. ANALYTICAL VALIDATION THROUGH 2-D FEA

The analytic models of all integral quantities (Li , M0, Te,v ,
Te,i , and ω1res) of the proposed MMRM developed earlier are
validated through a 2-D FEA simulation.

The flowchart illustrating the procedure for the FEA simu-
lation and methods of the validation is shown in Fig. 5. The
quantities listed in the following are computed from FEA field
solutions of the MMRM:

TABLE II

MMRM PARAMETERS

Fig. 6. Analytical and FEA computed inductance.

1) phase inductance in the rotor and stator phase windings
L1a , L1b, L2a , and L2b;

2) determination of the values of capacitance C1a , C1b, C2a ,
and C2b to be added phase coil windings;

3) phase currents I2a and I2b in the rotor phase windings;
4) torque Te,v or Te,i .

The MMRM parameters used for the derivation of the FEA
are shown in Table II.

The computation of the MMRM phase inductances L1a ,
L1b, L2a , and L2b is realized by the inductance analysis
model in the FEA tool. For proper inductance validation
with its corresponding analytical model expressed in (8), the
geometry of the analysis model is equivalent to the proposed
MMRM standard configuration shown in Fig. 2. Following
this geometry, the phase windings of the stator are made of
coils with the same wire size. This is the same in the rotor
side of the MMRM. This is shown in Fig. 6. In the FEA
analysis model, the stator and rotor cores are configured to be
air-cored, viz., coreless. This coreless configuration reflects
the reinforced plastic fibers shown in the 3-D model shown
in Fig. 1.
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Fig. 7. Combined scheme of FEA–analytical procedure.

The frequency in which the inductance analysis is evaluated
is ω1res, the same resonant frequency of the MMRM. In the
frequency domain, only ω1res ∈ R++ is considered and used
in the validation analysis.

The capacitance values C1a , C1b, C2a , and C2b are all
calculated from determined inductance values, and the fre-
quency model is expressed in (50). In the stator and rotor
phase windings, typically, C1a = C1b and C2a = C2b,
respectively. These capacitors are also a source of losses in
the MMRM [27], [31].

A magnetic field frequency analysis model is run to deter-
mine the torque and its fluctuations. The computed inductance,
capacitance, and ω1res stated earlier are used in this analysis.
Other important integral values, such as the induced currents
I2a and I2b in the rotor phase winding, can also be computed.

The abovementioned FEA simulation procedure is com-
bined with the analysis model scheme. The combination
scheme is shown in Fig. 7. This scheme serves as a reference
through which the analytic models developed in this article are
validated with simulations through FEA. Fig. 7 suggests that a
parallel interaction between the schemes is used for validation,
and feedback interaction between the methods is used for the
optimization of the MMRM design. The reference scheme
discrepancy determines the error rate in integral quantities
verification.

V. FEA SIMULATIONS AND RESULTS

In this section, we validate the proposed multi-phase res-
onant motor’s analytical model through FEA simulations.
The proposed theoretical model of an MMRM through FEA
can be validated for any given pole pair of the equivalent
machine configuration. In this article, a three-pole pair ( p = 3)
equivalent model of MMRM is chosen to evaluate and conduct
validation analysis. A wire of 9 mm diameter is used in the
multi-phase winding of the machine, that is, in the stator
and rotor multi-phase windings. The same pole pair number

Fig. 8. FEA and analytical torque responses.

Fig. 9. Compensated LC FEA and analytical torque responses.

(p = 3) equivalent model of MMRM is designed in the
FEA tool.

The same geometric shape, as illustrated in Fig. 2, was used
in the design. The three-pole pair MMRM design used for the
FEA simulation is shown in Fig. 6. The condition for a uniform
current distribution is assumed throughout the wire diameter.
All simulation parameters are shown in Table II.

The torque responses of the three-pole pair model of the
proposed MMRM are shown in Figs. 8 and 9. In these figures,
results from the proposed MMRM model computed analyti-
cally and through FEA simulations of the frequency responses
are shown. All FEA simulations were done using JMAG-
Designer-17.1. The frequency used in the FEA simulations
and analysis is 85 kHz. The analytically calculated value of the
three-pole pair MMRM inductor considered in the proposed
model is Lanaly = 9.18069 × 10−8 H. The FEA field solution
of the inductance is LFEA = 9.72706 × 10−8 H. It has been
shown in the previous studies [9], [10] that in the calculated
winding inductance, the correlation between the calculated
Lanaly and FEA LFEA is much closer for very small wire size.
The current of 1 A is passed through the wire for inductance
computation.

In the torque response shown in Fig. 8, the frequency of the
voltage source ω1 = 85 kHz. The analytical torque response
is lower than that of the FEA torque response.

This is seen in the differences in the amplitude of the
torques. As shown in Table II, the values of the capacitance
added to the multi-phase winding inductance are the same.
Due to the differences in the inductance Lanaly and LFEA, there
exists an offset in their respective bandwidths.

In Fig. 9, the analytic model of the MMRM and the
FEA model are both LC compensated with respect to their
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respective inductance, so that there has a common frequency
response at 85 kHz. To do this, the number of turns n in the
multi-phase windings is increased. In our validation process,
n is increased to 30. This causes a slide in difference between
the stator and rotor resulting inductance values. The added
capacitance has different values. This allows the solution to
operate at the same resonance instead of using the same
capacitance value due to the difference in inductance slippage.

This improves the correlation of the analytical–FEA scheme
and reduces the offset values between Lanaly and LFEA. The
optimum torque for the FEA and analytical proposed models
lies in the same frequency band. The amplitude of the torque
response becomes much closer but that of the FEA model still
remains higher.

The product of the torque and the speed of the rotor
correspond to the mechanical power of the MMRM. One thing
to note is that due to the design parameter, the inductance can
be designed to be the same, but this affects the resistance of
the windings. The resistances will be different due to different
sizes of the stator and the rotor, ar > 1. Since a1 > a2,
it implies that the volume of the winding on the stator will be
greater than that of the rotor.

The currents in the stator and rotor windings reach a steady
state with the amplitude of around 58 A.

The optimal torque is 2.89 Nm, as shown in Figs. 8 and 9.
The estimated weight of the machine design was 12 kg, and
therefore, torque per kilogram of the machine is 0.241 Nm/kg.
The output power density is 2.37 W/kg from analysis. The
speed used in the analysis was 1000 rpm, which is low
compared with other existing electric machines.

VI. CONCLUSION

In this article, a coreless MMRM is proposed. A complete
analytical method is proposed to compute the inductance of the
armature (stator) and excitation (rotor) windings in a radial gap
coreless polyphase magnetic resonance motor. The proposed
method is derived from the analytical solution of the Riemann
surface winding in the motor and combined with the mirror
image method to consider the stator and rotor core effects. As a
first step, analytical formulas have been provided to calculate
the mutual inductance between the motor stator and rotor
windings, and these formulas have been verified against FEA
simulations. The validated equation is then used to calculate
the total torque, and the calculation result is again evaluated
by comparison with FEA.

The precision of the inductance computation is made pos-
sible considering both the internal L in and external induc-
tances Lex. It has been demonstrated that frequencies in the
MHz domain will increase the winding impedance and affect
the internal inductance L in.

This extended inductance model can enable us to study
essential machine behaviors, such as skin effect and influence
on the current density distribution within the winding wire.
In our studies, we developed a motor analysis model for a
motor based on magnetic resonance coupling. The analysis
methods used for the computation of the self and mutual induc-
tances, coupling factors, and torques have all been formulated.

Since the MMRM operation frequency is very high com-
pared with conventional motors, the chosen frequency must
fall within the Industrial, Scientific and Medical reserved
international bands (ISM) frequency band.
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