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Abstract — This paper presents a new control method in order
to improve the operation characteristics for a novel linear
synchronous motor with half-wave rectified self excitation. First,
we propose the new control method by addition of the reluctance
thrust across full speed range for the novel linear synchronous
motor. Then, the operation characteristics of the proposed control
method are theoretically estimated and compared with the
previous control method.

I. INTRODUCTION

A linear synchronous motor (LSM) has been used in industry
application such as transportation and transfer system [1].
Because the efficiency is high, a permanent magnet type LSM
is widely used. If a d-axis current large enough to offset against
the permanent magnet flux is provided, the field weakening
operation becomes possible. However, a copper loss caused by
the d-axis current decreases the efficiency.

In the pervious paper, we proposed a novel LSM with half-
wave rectified self excitation [2]. The field winding is short
circuited through a diode and the armature winding is
conventional 3-phase windings. If the amplitude of balanced 3-
phase currents is modulated by an alternating wave with bias
frequency, the produced magnetomotive force pulsates at bias
frequency and moves at synchronous velocity. This pulsating
magnetomotive force induces the electromotive force with bias
frequency in the field winding. The field excitation is obtained
by rectifying the electromotive force with the diode of the field
winding. As the field flux of the novel LSM is controllable by
only varying amplitude of the armature current, the field
weakening operation is performed easily. We designed and
built the experimental machine [3] [4] and measured the basic
characteristics [5] [6]. And, we proposed a maximum thrust-
per-current control by addition of the reluctance thrust at the
constant thrust region [7] and a maximum thrust-per-voltage
control in order to expand the operating range [8]. However, it
had a problem with the switching of these control method
because the reluctance thrust was not used in the maximum
thrust-per-voltage control.

This paper presents a new control method by addition of the
reluctance thrust across full speed range. We propose, first, the
control method of the field weakening operation and the
maximum thrust-per-voltage control with the reluctance thrust.

Then, the operation characteristics are theoretically shown by
calculation and compared with the previous control method.

II. LsM WITH HALF-WAVE RECTIFIED SELF EXCITATION

A. Structure of the Novel LSM

Figure 1 shows the structure of the LSM with half-wave
rectified self excitation. The LSM consists of followings;

(1) A LSM mover whose field winding is short circuited
through a diode.

(2) A LSM stator with conventional 3-phase armature
windings.

(3) A control system that operates based on half-wave
rectified self excitation principle.

(4) A PWM inverter.

B. Principle of Self Excitation and Thrust Generation
The following 3-phase currents, which synchronized with the
mover position, are supplied to the 3-phase stator windings;
i, = 4,(t)sin0 + 21, cos0
i, = 4,(0)sin(0 - 27/3)+ /21, cos(0 - 27/3)} . (1)
i, = 4,(t)sin(0 — 47/3)+ V21, cos(0 - 47/3)
where, = mx / 7, x : mover position, 7: pole pitch.
The first term of (1) is excitation current, which varies with
sine of the mover position and whose amplitude is modulated
by a function 4/¥). Where, A(?) is a triangular wave function

with the effective value of I and bias frequency @,. The second
term of (1) is thrust current component.
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Fig.1. Structure of the novel LSM.
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Fig. 2. Equivalent model on the dq-axis.

Figure 2 shows the dg-axis model of the novel LSM. The d-
axis current iy and g-axis current i, become;

3
i,=.=A(t
‘ \/; 1O )
i,=31,

Then, flux linkage Mpi, is generated on the mover d-axis.
The field current i, is induced in the field winding to keep the
maximum value of the flux. The flux linkage A is the sum of
two flux linkages; Myi; provided by the stator excitation

current and Lgiy by the mover field current. As a result, the
following flux linkages are generated on the dg-axis windings.

Ay =Ly, +M i,
A, =L, €)
A =M iy + Lyly
where, 4, 4, : dq-axis flux linkage, A : flux linkage with
the field winding, L4, L, : dg-axis self inductance, L : field
winding self inductance, My, : mutual inductance.

If the time constant of the field winding is large enough, the

flux linkage with the field winding A is kept constant.
The thrust F is obtained from the following equation;

F= g(ad,-q ) “)

Fig. 3 shows above-mentioned currents, flux, and thrust
waveforms. Though a pulsating component exists in the thrust
as shown in Fig. 3, practically it is not serious problem by
choosing the bias frequency suitably.

III. BASIC EQUATIONS OF THE NOVEL LSM

The novel LSM has the saliency of L, > L,. For using the
reluctance thrust due to the saliency, the following direct
current /, is added to the d-axis current i, of (2).

i, :\EAf () ++31, )

Assuming that the winding resistance equals zero, then the
average thrust F,,, is derived from (4) as follows;

F,, = %{3\/3 (1-o)L,1,1,+3(L, -1, )11} . (6)

where, o : leakage coefficient.
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Fig. 3. Current, flux, and thrust waveform.

The first term of (6) is average thrust generated by half-wave
rectified self excitation principle. The second term of (6) is the
reluctance thrust. Also, the effective value of the armature
current / and the terminal voltage V,, which the winding
resistance is assumed to be zero, are given as the following
equations and confined to those limit values.

=1 +%1‘§. FI2 <1, %)

9 , 3 J6 :
E{a)(l—a)LdIf} +E(a)0'Ld1 F+3 oo,

V =

o

s4346(L, ) (1-0 )1 1, +3(aL,1, | +3(eL 1.} <V,
(8)

Where, w is the synchronous angular velocity, 7, is the rated
current, V,, is the voltage limit and given from the following
equation;

Vom = I/n - \/graln N (9)

where, ¥, : rated voltage, r, : armature winding resistance.

IV. CONTROL METHOD UTILIZING RELUCTANCE THRUST

In the novel LSM, the condition of /, for the maximum
thrust-per-current control by addition of the reluctance thrust is
given as follows [7];

2 2
\/EM_,ZH 3 Mfdj
Lu L I+17 .

.L)Z

’ 4(Ld—Lq)If i 8(L, (10)
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Fig. 4. Effects of Iron the thrust and the voltage.

TABLE I
RATED VALUES, WINDING RESISTANCES AND INDUCTANCES
Item Value (Unit)
Rated current 1, 4 (A)
Rated voltage Va 200 (V)
Armature winding resistance Tq 9.9 (©Y)
Field winding resistance 5 14.9 ()
d-axis inductance Ly 0.170 (H)
q-axis inductance L, 0.138 (H)
Mover self inductance Ly 1.783 (H)
Mutual inductance My | 0.306 (H)

In the constant thrust region, /, is fixed and the maximum
thrust-per-current control is applied. We theoretically examine
a new control method by addition of the reluctance thrust
across full speed range.

A. Field Weakening Operation

First, the field weakening operation utilizing the reluctance
thrust is examined. Fig. 4 shows effects of /; on the thrust and
the voltage at the armature current / = 4.0A when I, is
controlled by (10). For characteristic calculation, the rated
values and motor parameters of the experimental machine are
used. These parameters are shown in Table 1.

In the field weakening operation, /; is controlled so as to
confine V, to V,,, according to the velocity as shown in point A
and B of Fig. 4.

B.  Maximum Thrust-per-Voltage Control

Next, the maximum thrust-per-voltage control by addition of
the reluctance thrust is examined. In the maximum thrust-per-
voltage control, we maximize the ratio of the thrust to the
voltage with keeping the voltage to its limit value and properly
controlling the armature current. The maximum thrust-per-
voltage control is realized by controlling according to /; /,, and
1, obtained from the following equations.

Vﬂ = Vnm
oF,,(V,,0,1,,1)/0I, =0
6F (Vu’a)aI‘/‘:],)/a]r :0
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(b) Current characteristics.
Fig. 5. Calculation results of operation characteristics.

Figure 5 shows the calculation results of the operation
characteristics. The calculation conditions are as follows; /, at
constant thrust region is 2.0A, @, is 50Hz, V,,, is 131.4V.

As shown in Fig. 5, the field weakening operation is applied
at v, = 1.45m/s, the maximum thrust-per-voltage control is
applied at v, = 2.08m/s. It is confirmed that the control method
is well switched from the maximum thrust-per-current control
to the field weakening operation. However, there is a problem
that the thrust, /; /. and /, are discontinuous when the control
method is switched from the field weakening operation to the
maximum thrust-per-voltage control. In order to solve this
problem, we propose the renewed maximum thrust-per-voltage
control.

C. Renewed Maximum Thrust-per-Voltage Control

In the renewed maximum thrust-per-voltage control, 7, is
controlled by (10). Fig. 6 shows the effects of /, on the thrust
and the armature current at the voltage V, = 131.4V and v, =
3.0m/s. In the renewed maximum thrust-per-voltage control,
and the armature current are controlled so as to maximize the
thrust as shown in point C of Fig. 6.

Figure 7 shows the calculation results of the operation
characteristics when the renewed maximum thrust-per-voltage
control is applied. As shown in Fig. 7, the maximum thrust-per-
voltage control is applied at vy = 2.01m/s. It is confirmed that
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Fig. 6. Effects of Iron the thrust and the armature current.

the control method is well switched from the field weakening
operation to the maximum thrust-per-voltage control by
applying the renewed maximum thrust-per-voltage control.

Figure 8 shows the comparison of the thrust characteristics
of the proposed control method with that of the previous
control method [8]. In these characteristic calculations, the
same voltage limit, current limit, and motor parameters are
used. It is confirmed that the thrust characteristics of proposed
control method is improved in comparison with the previous
control method.

V. CONCLUSIONS

In this paper, we proposed a new control method by addition
of the reluctance thrust across full speed range. By applying the
proposed control method, the control method was well
switched from the maximum thrust-per-current control to the
field weakening operation and from the field weakening
operation to the maximum thrust-per-voltage control. Also, we
confirmed that the thrust characteristics of proposed control
method were improved in comparison with the previous control
method.
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Fig. 7. Operation characteristics under the renewed control method.
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Fig. 8. Comparison of the thrust characteristics of the proposed control
method with that of the previous control method.
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