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Transient Characteristics of Electromagnet Type Linear Hybrid Motor
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Abstract - This paper treats the electromagnet
type linear synchronous motor with induction
operation. The proposed motor consists of the
primary winding energized by variable
frequency supplies and the sccondary having an

2. STRUCTURE & PRINCIPLE

Figure 1 shows the structure of our proposed
motor, table 1 the experimental specifications,
and table 2 the investigated secondary types.

additional solid-conductor besides the field
winding. The conductor is useful for not only
the self-starting but also the damping effect in
the synchronous drive. From the investigation
by the experiment and the finite element
analysis coupled with both electric circuit and
motion equation, we verify that the proposed
motor is effective for practical use.

In the figure, the secondary consists of the
electromagnet made of iron-core and field
winding, and an additional solid-conductor of
copper. The field winding is excited by direct
current {d.c.) after the secondary reaches to
the synchronous speed.

1. INTRODUCTION

While the performance of the linear induction
motor (LIM) 1is superior to that of linear
synchronous motor (LSM) in the starting
process, the former motor is inferior to the
latter one in the efficiency and power factor.
The starting behavior of LSM generally depends
on the ramp input of supply frequency or the
induction operation of damper winding (1), (2).
In this paper, we propose a novel hybrid drive .
by using both LIM and LSM actions. /

The LSM of our research consists of the long

Iron core

primary cnergized by two stages of supply
frequencies and the short secondary having éﬁ;
Windmng

(a) Overview of experimental machine

both field winding and solid-conductor. The
high-frequency supply for starting and the
low-frequency supply for synchronous drive
excite the primary winding. By applying higher
supply frequency to the starting, the motor is
capable of producing three kinds of thrusts
(i.e., the starting one by 50{Hz]. the
synchronous and the damping ones by 10{Hz])).
The reason for using the induction-motor action
at starting is that it can accelerate the

Solid-conductar
(b) Secondary construction
Fig. 1. Structure of the proposed motor.

Table 1. Experimental specifications

) Symbol Quantity Value [Unit]
secondary more quickly and stable than that of ¢ Length of pole pitch 0.084 [m]
LSM alone. W,  Width of primary-core 0.028 (m]
We first investigate the performance of the W.  Width of tooth 0.007 {m]
proposed motor by the finite element method 'z} “:'d"‘:"“f"" ) . (5"(;)"7[‘“]
(FEM) and the experiment. To obtain the b mmig:;::in‘;xg;"g) 80{2::}
dynamic and transient charactlerls‘tlcs., we L Length of sccondary 0.168 [}
couple the method with both electric circuit and d.  Thickness of secondary conductor 0.0015 [m]
motion equation. Then, we derive an optimal M,  Weight of sccondary 1.1893 [kg}
feeding condition to the varying load concerned. L. Primary current (in induction drive) L51A)
Finally, we confirm that the proposed motor is ’l Secondary “:‘“"“’“"“"““’“‘“) 72'(7){:}
effective for practical use in view of both high o oeconnavenment -
. " fi Frequency (in induction drive) 50 {Hz)
accglergtlon and convergence of hunting r (in synchronous drive) 10 [Hz}
oscillations. £ Length of air-gap 0.005 [m]
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Table 2. Classification of the secondary

Tvpe Secondary conductor Field winding
Lyped Existence Short
Type B Existence Open
Type € Nog-existence Short

To examine the effective hybrid drive by both
induction and synchronous operations, we

supply the high-frequency source of 50(Hz] at
starting and the low-frequency one of 10(Hz)
at synchronous drive, as shown in Fig. 2.

DC supply!
Open Photo sensor te &~

LSM region

Synchronous drive
by low Frequency source

1 .
. ¢+ LIMregion
PP induciondive
7 50Hz \ by high frequency sowrae
or
1082/ power Supply

Fig.2. Experimental apparatus for hybrid drive.
3. ANALYSIS METHOD

To obtain the transient characteristics of the
motor, we couple the finite element analysis
with both electric circuit and motion equation
(3], (4]. Two-dimensional magnetic fields can
be expressed as,

a{18AY) o (12A 24
e e | e = Jo_a_
6x{ﬂ 5x} 5y[# 5y] ( 51] (1

where 4, 0, Jo, ¥ denote the magnetic vector
potential, the conductivity, the magnetizing
current density, and the magnetic permeability,
respectively. And the circuit equation for field
winding is governed by,

4% 1.9 iR =0
ds ds (2)

where ¢, L, and R are the linkage flux of coils,
the leakage inductance of the coil ends, and
the resistance of the coils, respectively. Since
the currents are related to the magnetizing
current density and the linkage flux te the
magnetic  vector potential, the interface
conditions for coupling the magnetic field
equation and the electric circuit equation are,
i=J,8,

®=N[[B-dS, =N§A-dI 3)

where S., S mean cross—section of a coil
conductor and area of a coil loop. respectively.
Combining (1) with (2) and (3), the unknown
vector potential and the secondary current can
be calculated [5]. The motion equation to
express the secondary movement is given by,

d’x . dx
Mot k= ~F )=F
o Rt M- F)=E, 4)

where M, k, and #r are the secondary mass, the
coefficient of viscosity, and the coefficient of
friction, respectively.

4. RESULTS

4.1 Static Characteristics

Since the secondary construction is considered
three types as shown in table 2, we first
investigate the induction and synchronous
characteristics of the motor in each type.
Figure 3 shows the thrust versus slip and Fig.
4 the velocity versus time. In the figures, the
proposed motor starts by high frequency source
of f=50(Hz). In spite of the additional
secondary winding, the results indicate that
Type A is inferior to Type B because of its end
effects and larger leakage reactance.
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Fig. 3. Thrust versus slip (Analysis).
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Fig. 4. Velocity versus time (Experiment).

When the field winding is energized by d.c.
supply, the motor produces the synchronous
thrust by the relative position between the
primary and secondary poles. Figure 5 shows
the thrust versus power angle and Fig. 6 the
damping  thrust versus slip near the
synchronous speed. From the figures, we can
recognize that the maximum value of the
synchronous thrust inclines to the center of
secondary because of the saliency, and Type B
provides largest damping thrust.
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Fig. 5. Thrust versus power angle (slip=1.0).
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Fig. 6. Damping thrust versus slip.

4.2 Transient Characteristics

The self-starting and the reduction of hunting
oscillations in synchronous drive of the
proposed motor depend on the induction
operation of field winding and solid-conductor
in the secondary. Figure 7 shows the velocity
versus distance in the synchronizing process by
the ramp input of supply frequency (i.e.,
2.5THz/s)) and the single frequency supply of
f=10(Hz). The process can be shortened by
adopting higher supply frequency at starting
and controlling the power angle in synchronism,
as shown in Fig. 8.
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Fig. 7. Starting by normal methods (Type B).
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Fig. 8. Starting by two stages of supply
frequencies (Type B).

5. CONCLUSIONS

The purpose of this paper is to derive both
optimal secondary construction and driving
method in the linear synchronous motor with
induction operation. By arranging the
additional secondary solid-conductor besides the
field winding for electromagnet, we can improve
the self-starting and damping effects. For
investigating the dynamic and transient

characteristics of the motor, we adopt finite
element analysis coupled with electric circuit
and motion equation.

By the analytical and experimental results,
we confirm that that Type B in table 2 is most
superior for the starting behavior. The
secondary can be accelerated in an extremely
short time by adopting two stages of supply
frequencies. In addition, we can reduce the
hunting  oscillations in synchronism by
controlling the power angle. From the above
advantages, we conclude that the proposed
motor is suitable for practical use and expected
its application in the various fields of industrial
circle (6], (7].
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