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This article proposes and implements a class of chaotic motors for electric compaction. The key is
to develop a design approach for the permanent magnets (PMs) of doubly salient PM (DSPM)
motors in such a way that chaotic motion can be naturally produced. The bifurcation diagram is
employed to derive the threshold of chaoization in terms of PM flux, while the corresponding
phase-plane trajectories are used to characterize the chaotic motion. A practical three-phase
12/8-pole DSPM motor is used for exemplification. The proposed chaotic motor is critically
assessed for application to a vibratory soil compactor, which is proven to offer better compaction
performance than its counterparts. Both computer simulation and experimental results are given to
illustrate the proposed chaotic motor. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2165783]

I. INTRODUCTION

Recently, a class of brushless motors, namely, the doubly
salient permanent magnet (DSPM) motor, has been
introduced." The DSPM motor combines the advantages of
both the switched reluctance motor and the PM brushless
motor, hence achieving robust structure, high power density,
high efficiency, high reliability, and maintenance-free opera-
tion. Thus, it is attractive for high-performance applications
such as electric vehicle propulsion and wind power genera-
tion.

Starting from the 1990s, many research activities on
chaos in motors have been carried out. Most of them are
based on the identification, avoidance, and stabilization of
chaos in various motors. Recently, the design of PMs to
avoid chaos in DSPM motors® has also been discussed.
Rather than negatively avoiding the occurrence of chaos in
motors, a positive idea is to utilize the chaotic motor for
some niche applications. In Ref. 3, chaotic motion was firstly
applied to soil compaction, and was experimentally proven
to exhibit better compaction performance. However, this cha-
otic motion is generated by a complicated mechanical sys-
tem, which suffers from the problems of bulky size and in-
flexible design.

The purpose of this article is to explore a design ap-
proach for chaoization of DSPM motors, and to positively
utilize the resulting chaotic motion for electric compaction.
Hence, this electrically chaotic compactor can take definite
advantages of simplicity, compactness and flexibility over its
mechanically chaotic counterpart.

Il. SYSTEM DYNAMICS

A three-phase 12/8-pole DSPM motor is adopted for
exemplification. As shown in Fig. 1, it consists of three-
phase armature windings in the stator, four pieces of PM
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material located in the stator, twelve salient poles in the sta-
tor, and eight salient poles in the rotor. With rotor skewing,
the PM flux can be expressed as

omr = Ypmo + Ypm1 c0s(n,0—27k/3), (1)

where both x=a,b,c and k=0,1,2 correspond to the phases
A, B, C, respectively, o and ¢, are the average and
amplitude of PM flux variations, respectively, n, is the num-
ber of pole pairs, and 6 is the spatial angle with reference to
the aligned position of phase A. The mutual inductances of
the windings are negligible, whereas the self-inductances can
be written as

L..=Ly+ L cos(n,0—2mki/3), (2)

where L, and L; are the average and amplitude of self-
inductance variations, respectively. Hence, the dynamic
equations of this DSPM motor are given by

di 1 dL d

Ly — (MX_ xxlX—RiX— d/]gmx), (3)
dt L, d dt
do 1
—=—(T,-T,-Bw), 4
U J( .~ T)—Bw) 4)

FIG. 1. Configuration of three-phase 12/8-pole DSPM motor.
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FIG. 2. Motor speed bifurcation diagram.
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where i, is the phase current, u, is the phase voltage, R is the
winding resistance, w is the motor speed, 7, is the electro-
magnetic torque, 77 is the load torque, B is the viscous coef-
ficient, and J is the moment of inertia.

lll. PM DESIGN FOR CHAOIZATION

The system model given by Egs. (1)—(5) illustrates that
the variation of PM flux is an important parameter contrib-
uting to system dynamics. Thus, the design of PMs, math-
ematically the value of i, is used for chaoization of the
DSPM motor.

By adopting practical data of the DSPM motor, namely,
n,=4, Ly=90 mH, L;=45mH, U,=354V, R=25(, B
=4.584X10"* N ms, and J=1X 10~* kg m?, the bifurcation
diagram of w with respect to ¢,,; can be obtained. As shown
in Fig. 2, it can be seen that the motor speed changes from
normal (constant-speed) operation to subharmonic operation
at ,,,1=0.073 Wb, and then bifurcates to chaotic operation
at ¥,m1=0.108 Wb (so-called the threshold of chaoization).
When selecting ¢,,;=0.07 Wb, the simulated wave forms of
motor speed and phase current are shown in Fig. 3, which are
actually the normal operating wave forms. On the other
hand, when selecting i;,,,;=0.12 Wb, the simulated wave
forms of motor speed and phase current are shown in Fig. 4.
It can be found that these wave forms exhibit a well-known
chaotic behavior of a random-like nature. Moreover, the cor-
responding phase-plane trajectories (i, versus w) are shown

8

Z 200 < 4
Emo g2
3 g
g o 3 OVVVVVVVVVV VY
£-100 g -
2 £72
s-200
-300 4
@ 12 1115 7.25 7.30 7.35 7.40 7.45 7.50
a

Time (s) Time (s)

FIG. 3. Simulated normal operating wave forms. (a) Motor speed. (b) Phase
current.
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FIG. 4. Simulated chaotic operating wave forms. (a) Motor speed. (b) Phase
current.

in Figs. 5(a) and 5(b), respectively, confirming that the cha-
otic trajectory exhibits another well-known behavior of a
bounded nature.

IV. APPLICATION TO COMPACTION

As soil is constituted by different sizes and different ma-
terials of granules, its natural frequencies are widely dis-
persed. Thus. constant-speed compactor can only provide ef-
fective compaction for an ideal type of soil which has a
single natural frequency. Since chaos is characterized by ex-
hibiting a wide frequency spectrum, it is anticipated that cha-
otic motion can provide effective compaction for realistic
soil which has a wide range of natural frequencies. Thus, the
proposed chaotic motor is applied to drive a vibratory com-
pactor. Figure 6 shows the model of this compactor,4 in
which the interaction between the framework and the vibra-
tory drum is represented by the stiffness coefficient K,
=525X10°N/m and damping coefficient C;=2.63
X 10° N s/m, and the interaction between the soil and the
vibratory drum is described by K,=3.52X10°-5.87
X 107 N/m and C,=8.31X103-3.39 X 10* N s/m.

In order to critically assess the compaction performance
of the proposed chaotic compactor as compared with the
conventional constant-speed compactor, they are required to
compact a set of soils with the natural frequencies evenly
distributed between 235 and 1000 Hz. The comparison is
based on three well-accepted compaction performance indi-
cators; namely, the displacement of compactor plate, the ver-
tical exciting force exerted onto the soil, and the average
compaction energy density.4 The constant-speed operation is
produced by using ,,;=0.07 Wb, while the chaotic opera-
tion is generated by using ¢,y =0.12 Wb. Figures 7-9 show
their comparisons in terms of these three indicators, where
the crosses represent the individual effects, and the horizon-
tal line is their averaged value. As expected, all of them
confirm that the proposed chaotic compactor provides much
better compaction performance than the constant-speed one.
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FIG. 5. Simulated trajectories. (a) Normal operation. (b) Chaotic operation.
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FIG. 7. Displacement. (a) Normal operation. (b) Chaotic operation.
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FIG. 8. Vertical exciting force. (a) Normal operation. (b) Chaotic operation.
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FIG. 9. Average compaction energy density. (a) Normal operation. (b) Cha-
otic operation.
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FIG. 10. Measured chaotic operating wave forms. (a) Motor speed
(200 rad/s/div, 500 ms/div). (b) Phase current (2 A/div, 25 ms/div).
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FIG. 11. Measured chaotic operating trajectory of phase current versus mo-
tor speed (4 A/div, 80 rad/s/div).

V. EXPERIMENTAL VERIFICATION

In order to further verify the proposed design approach,
the newly designed DSPM motor with ¢,,,=0.12 Wb is pro-
totyped and tested. Figure 10 shows the measured chaotic
operating wave forms of motor speed and phase current, and
Fig. 11 shows the corresponding phase-plane trajectory. It
can seen that they quite agree with the simulation results, and
exhibit the expected random-like and bounded nature. More-
over, by calculating the maximum Lyapunov exponent of the
measured time series, it 1S found to be 4.856>0, hence
mathematically confirming that the proposed motor provides
chaotic motion.

VI. CONCLUSIONS

In this article, a class of chaotic DSPM motors has been
proposed. The bifurcation diagram has been employed to de-
rive the threshold of chaoization in terms of PM flux, while
the corresponding phase-plane trajectories are used to char-
acterize the chaotic motion. The proposed chaotic motor has
been applied for soil compaction, hence confirming that it
offers better compaction performance than the constant-
speed one. Experimental results have been given to verify
the computer simulation.
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