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Analysis of Electromagnetic Characteristics of a
Novel Toroidal Acceleration Linear Motor

Zhentian Liu, Qiaopeng Zhou, and Weichao Li

Abstract—A high thrust density linear motor, which
adopts a novel toroidal structure, applying to load
acceleration in confined space is proposed. The basic
structure of the toroidal acceleration permanent magnet
synchronous linear motor (TA-PMLSM) is depicted, both
with its parameters listed. The main characteristics such as
air gap magnetic density and electromagnetic thrust are
discussed by establishing the electromagnetic field equation
in the cylindrical coordinate system. And simulation
comparison between the Halbach permanent magnet array
and the classical radial one is also made to get a higher
density of the magnetic and -electromagnetic thrust.
Compared with the conventional radial permanent magnet
array, results show that the amplitude of back EMF of ring
motor under the action of Halbach permanent magnet
array has a better sinusoidal, the magnetic density of the
air gap increases by 1.3 times, the thrust density increases
by 1.42 times, and the main harmonic content of the two
referred physical quantity decreases significantly.

Index Terms—Toroidal motor, Linear motor, Electromagnetic
field analysis.

I. INTRODUCTION

HE long-straight linear motor is faced with severe

problems of suitability when it is used in confined space,
such as spaceborne electromagnetic booster, electromagnetic
vehicle launch, electromagnetic throwing of small and
medium-sized ships, etc. The concept of spiral or ringlike
acceleration devices, which can reuse the electromagnetic track
and reduce both the characteristic size and cost of the
electromagnetic launcher seems to offer a glimmer of hope to
alleviate this embarrassment.

The idea of using spiral or ringlike devices to accelerate
payload is not just a groundless imagination. Spinlaunch,
founded in Long Beach, California in 2015, proposed the
concept of a spin ejector putting satellites into orbit by means of
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rotational acceleration [1]. Similar to the pointer of a clock, as
shown in Fig. 1, Spinlaunch uses a vacuum chamber, a rotating
hypersonic cantilever, a rotating electric motor, and a bearing
gear mechanism to form a centrifuge with a diameter of about
100 meters, which accelerates the payload to rotate for a long
time, and then releases it with high-speed and millimeter
precision to send the vehicle (as shown in Fig. 2) to the space at
the open hatch. The company has raised about $110 million
from Airbus, Google, and the U.S. Department of defense in
2020.

Fig. 2. Vehicle of Spinlaunch Company.

In this paper, an electromagnetic launch device applied to the
confined space is proposed. It adopts an elaborated designed
toroidal acceleration permanent magnet synchronous linear
motor (TA-PMSLM, shown in Fig. 3) as the power source,
other than the way of the rotating motor of the Spinlaunch.
TA-PMSLM cancels the intermediate transmission mechanism
and has the advantages of direct force, high thrust density, and
good controllable performance.

Fig. 3. Profile of the proposed TA-PMSLM.
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Compared with the conventional linear motor, its magnetic
field distribution presents the characteristics of staggered
medium boundary, multi-harmonic, nonlinear, and multi-form
complex magnetic circuit. Its thrust force characteristics are
dominated by electromagnetic force, end force, friction force,
and centrifugal force together. As an acceleration and launch
device, under the background of aperiodic transient high-speed
launch and large centrifugal force, how to suppress its thrust
fluctuation and improve its thrust density is the core problem of
the study of TA-PMLAM.

Previous studies are generally aiming at the long-straight
ones. Pan Kailin has established the relationship between
several important dimensions of the primary iron core and the
end-force, but the analytical method is too complex and the
application premise is relatively harsh [2]-[4]. Kinds of
literature have published articles to study the key parameter of
the winding’s inductance to characterize the dynamic
characteristics of thrust fluctuation successively [5]-[7]. Xia
Jiakuan formulates the dynamic current compensation table of
the end effect wave based on the thrust fluctuation curve
calculated by the finite element method, and the thrust
fluctuation has been significantly reduced [8]. Reference [9]
compares and analyzes the structure of the Halbach array
without core winding and back iron, as well as the radial one. In
[10], a linear synchronous motor based on the Halbach array
and high temperature superconducting tape is proposed for the
application of the high-speed maglev system.

In this paper, the overview of the proposed TA-PMLSM is
shown first in section II. In order to obtain the analytical
solutions of magnetic field and electromagnetic force, in
section III, the mathematic electromagnetic equations of the
TA-PMLSM in the cylindrical coordinate system are deduced.
As a further step, a simulation comparison between the Halbach
permanent magnet array and the radial one is performed, and
the physical quantities of interest are discussed in detail. For
that the large thrust and small thrust ripple are both expected for
the electromagnetic launcher systems, this paper can provide a
basis for the optimum design [11].

II. GENERAL VIEW OF THE TOROIDAL LINEAR MOTOR

Fig. 4 shows the section structure characteristic of the
TA-PMLSM. The primary adopts "back-to-back" three-phase
ring winding, the iron core is composed of silicon steel with
internal and external slots, the secondary adopts a radial
permanent magnet or a Halbach PM array, and the internal and

Primary winding and
laminated silicon steel

Support bearing and position
sensor

Secondary linker

Inner/outer
protective plates,
Two pairs of secondary magnetic steel and its,

supporting structure

Fig. 4. Section structure of the TA-PMLSM (The motor has two movers, one
carrying the payload to be launched and the other carrying a counterweight, so
as to counteract the unbalanced centrifugal force).

external sides are arranged radially. The linear motor adopts a
ring structure connected from head to tail. The centrifugal force
is performing intensively during high-speed operation so that
the double rotation secondary is adopted in order to balance the
payload.

Fig. 5 shows a designed MAXWELL simulation model of
the TA-PMLSM, with 120 slots and 80 poles, and the motor’s
main parameters designed are shown in Table 1. The permanent
magnet array is arranged on both sides of the secondary. The
type of the permanent magnet array may be a traditional radial
one or a Halbach one. A bilateral Halbach permanent magnet

array with its magnetization direction is shown in Figure 6.
TABLE I
PARAMETER OF THE TA-PMLSM

Symbol Quantity Values
Q Number of slots 120
lear Slot width 7mm
Hiior Depth of slot 13.3mm
p Number of poles 40

T Pole pitch 21.8mm
D Internal diameter of iron core ~ 500mm
D> Outer diameter of iron core 600mm
Wom Width of Halbach array 85.4mm(Avg)
Hpm Thickness of Halbach array 15mm
P Number of 8

) Width of air gap Smm
Lef Axial length 30mm

Fig. 5. MAXWELL model of the TA-PMLSM (Partial graph).

Outer Halbach

Internal Halbach

Fig. 6. Bilateral Halbach PM array with its magnetization direction.

III. MATHEMATIC EQUATIONS OF ELECTROMAGNETIC FIELD

The fundamental component of air-gap flux density
determines the thrust density. While the air-gap flux density of
the permanent magnet motor is mainly generated by the
permanent magnet array. Therefore, it is necessary to discuss
the magnetic field and force characteristics of different forms of
permanent magnet arrays.

Due to the structure of the TA-PMLSM, it is equivalent to
two single-side slotted cores placed back-to-back. For
simplicity, only a quarter of the motor are analyzed in the
following discussion. As shown in Fig.7, a two-dimensional
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layered model is established. The model is divided into five
regions from top to bottom, in which region I is the
winding-core region, region Il is the air gap region, region III is
the permanent magnet array region, region IV is the supporting
back iron region, and region V is the infinite region. The
interfaces of each area, a, b, ¢, d, e, and f'have been marked in
the figure.

To establish a cylindrical coordinate system, the concentric
circle point is seen as the origin point, the direction
perpendicular to the paper surface is the z-axis, the radial
direction is defined as the r-axis, and the radius tangential
direction is the 8 direction.

V region

IV region

Fig. 7. Two-dimensional layered analytical model of the TA-PMLSM.
A. Magnetic flux density of the air gap region
For the two-dimensional layered model of the motor, the

interface conditions of the region II in the upper half-plane (i.e.,
only a quarter of the motor is considered) can be written as:
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where C; and C, are the undetermined coefficients of the
Poisson equations about magnetization M.

position angle

M, . A are the
Fourier constants, which are deduced as follows.

There is only a Z-direction component in the solution area of
vector magnetic potential, which is a two-dimensional parallel
plane field. The permanent magnet is periodically distributed
along the inner and outer radius, and the magnetization M is
Fourier decomposed as:

M =Y (M ,e %+ 1,0 ) )
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And, k, zzn;[/ﬂ , A represents the

corresponding to an electric period. M, .

A=Y A )
where the distribution law and magnetic field intensity of M
and A are determined by the type of permanent magnet array.
Then the magnetic field analysis of the permanent magnet
array is transformed into the solution of the Fourier constants.
Combined with the full solution of the differential equation
satisfied by the magnetic vector potential and the first and
second boundary conditions of the two-dimensional layered
model, the analytical solution of the permanent magnet array is
obtained as follows:

ar=cy g el )

where C; and C; are the coefficients of the Laplace equation
determined by boundary conditions, which can be explicitly
expressed as equation (5). The difference between the Halbach
PM array and the counterpart radial one is that the Af 5, M (5)

of the later type is equal to zero.
Using the equations above, the magnetic flux density and its
radial and axial components in the air gap region are obtained:
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B. Electromagnetic force

Maxwell stress tensor method has high analytical accuracy,
so this paper chooses the Maxwell stress tensor method to
analyze the thrust characteristics. The traction force generated
by the two secondaries are derived as equation (9) and (10).
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where [ is the axial length of the effective side of motor
windings.

Then, the expressions of the total electromagnetic thrust
force is obtained:
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An important performance index of the confined space
launch device is the thrust density, which could be calculated
as:

_F, (12)
pFe 72_’_12]

IV. SIMULATION RESULTS

In order to verify the correctness of the analytical equation
and lay a foundation for the optimal design, a MATLAB
simulation program is compiled, and a finite element
MAXWELL model is established.

The simulation comparison between the Halbach permanent
magnet array and the classical radial one is made to see how to
get a higher magnetic density and electromagnetic thrust, as
shown in Fig. 8 and Fig. 9. It is obvious that the finite element
results and the analytical calculation results are basically in
coincidence, which proves the accuracy of theoretical
calculation. The comparison of the air gap flux density Br
amplitude in two different cases proves that Halbach can
enhance the air gap flux density (the fundamental wave
amplitude of Halbach type air gap flux density is 1.3 times that
of the counterpart one), and the harmonic content decreases
greatly (6.11% vs 12.7%), and especially the third harmonic is
eliminated.
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Fig. 8. Air gap magnetic density and the harmonic analysis of the radial
permanent magnet array.
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Fig. 9. Air gap magnetic density and the harmonic analysis of the Halbach
permanent magnet array.

In a further finite element simulation, the three-phase current
rating is set to S0A. In terms of electromagnetic thrust force, it
can be seen from Fig.10 that given the same design parameters,
the amplitude of the electromagnetic force in the Halbach form
is 1.42 times higher than that in the traditional radial one. And

the harmonic content has also decreased significantly,
especially the third harmonic.
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Fig. 10. Comparison of electromagnetic force and harmonic in two cases.

On the other hand, the sinusoidal degree of the back EMF
waveform is one of the important indexes of motor design. As
can be seen from Fig.11, the two forms of motor back EMF
have better sinusoidally. However, owes to its high magnetic
induction amplitude of air gap magnetic field, the Halbach form
has a high amplitude of its back EMF.

Analytical results(Halbach))
//\/

FEA r75 (Radial) &
8 N

0.4

Analytical results (Radial) | S

30.1 30.2 30.3 30.4

Time(s)
Fig. 11. Comparison of back EMF waveforms in two cases.

Under different quadrature axis current inputs, the thrust
density is calculated according to equation (12) and then the
curve is fitted in Fig.12. The measured thrust constant of the
Halbach array one is 1.1 times that of the radial array motor.
The reasons why the measured value of finite element
simulation is small than the analytical solution is mainly due to
demagnetization of the permanent magnet during the
fabrication of the permanent magnet array, neglect of end
magnetic leakage in the analytical calculation, and so on.
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V. CONCLUSIONS

This paper focuses on the magnetic-force characteristic
analysis and thrust performance optimization of the toroidal
acceleration linear motor for electromagnetic launchers in
confined space. Simulation results demonstrate that the
selection of the Halbach permanent magnet array could obtain a
high density of air-gap magnetic and electromagnetic thrust, the
third harmonic contents decreased obviously at the same time.
This subject aims to explore the physical characteristics and
performance optimization of the new motor and lay a
foundation for the design and development of electromagnetic
launch systems with high thrust density, high launch efficiency,
and low launch cost in confined space. The research results of
this subject have important basic theoretical guiding
significance for enriching the electromagnetic launch methods.
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