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Abstract

This paper studies the nonlinear vibration of a three-phase AC motor—linkage mechanism system with links fabricated
from three-dimensional braided composite materials. Taking the drive motor and the linkage mechanism as an integrated
system, the dynamic equations of the system are established by the finite element method. The relation between the
nonlinear vibration of the system and the parameters of the system is obtained by the method of multiple scales. Results
show that not only the structural parameters, but also the electromagnetic parameters and the material parameters have
significant effects on the nonlinear vibration of the system. Finally, a numerical example is presented.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

With the use of high-speed, lightweight and high-precise mechanical transmission systems in modern
industries, the investigation of the nonlinear dynamics of flexible linkage mechanisms become more and more
important. Thus, many scholars have wildly studied the nonlinear dynamics of elastic linkage mechanisms by
different methods for their different purposes. Chunmei et al. [1] have analyzed the nonlinear behavior of a
rigid linkage mechanism with clearances through the phase portraits and Poincare maps. Seneviratne and
Earles [2] have initially analyzed the nonlinear behavior of four-bar mechanism caused by joint clearances.
Wang [3] has analyzed the nonlinear behavior of an elastic linkage mechanism due to the large elastic
deformations of flexible links. Their studies show that there exist two main nonlinear factors in the dynamics
of linkage mechanisms: one is the joint clearance of linkage mechanisms; the other is the large elastic
deformation of flexible links. Although more and more researchers have paid their attention to the
investigation of the nonlinear dynamics of flexible linkage mechanisms and gained some achievements [4,5],
they have not taken the drive motor and the linkage mechanism as an integrated system to study.

However, some unexpected phenomena often emerge in the operation of these high-speed mechanisms. For
example, these high-speed and lightweight mechanisms sometimes produce intense vibration caused by the
magnetic syntony of drive motor. The main reasons are that the nonlinear vibration and coupling dynamics of
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electromechanical systems are not studied deeply, and that the internal relation between macro-dynamic
characters of electromechanical systems and electromagnetic parameters of drive motors is not discovered
generally. So it is necessary to take the drive motor and the mechanism as an integrated system to
study.

The three-dimensional braided fiber-reinforced composite material is an ideal material for actuating
mechanism used in the high-speed mechanisms [6—8]. The purpose of this paper is to investigate the nonlinear
vibration of a three-phase AC motor—linkage mechanism system with links fabricated from three-dimensional
braided composites. Taking the drive motor and the mechanism as an integrated system, the dynamic
equations of the system are established by the finite element method. Based on the dynamic equations of the
system, the relation between the nonlinear vibration of the system and the parameters of the system is studied.
Some helpful conclusions are obtained. At last, a numerical example is presented.

The diagram of the system is shown in Fig. 1. In order to simplify the discussion, the output shaft of the
motor is regarded to be connected with the crank of the linkage directly.

2. Dynamic equations
2.1. Electromotor element

In the dynamic analysis of electromotor shaft, the following simplifications are employed: (1) The coupling
terms of the elastic motion and the rigid body motion in the coriolis acceleration and transport acceleration
are neglected in studying the absolute acceleration of any point in the shaft. (2) The effect of shearing
deformation and pull-press deformation caused by transverse displacements is neglected in calculating the
deformation energy. (3) Considering the lower length—diameter ratio of the electromotor rotor, it is regarded
as a rigid body.

The elasticity of motor shaft is mainly taken into account in the analysis of vibration, and the shaft-disk
system model is adopted in the dynamic analysis of system. The elastic motions of shaft-disk system are
decided by both the eccentricity vibration of centroid of rotor, namely, the transverse vibration, and the
torsional vibration of output shaft with respect to the rotor, as is shown in Fig. 2. In the diagram, numbers 1-4
denote four nodes of the element, respectively. Node 1 is set to the midpoint of the left supporting bearing, its
nodal displacements are all 0; node 2 is set to the geometrical center of the electromotor rotor, and it has two
nodal displacements, namely, the displacement u; and u, along the Y- and Z-axis direction, respectively; node
3, which is set to the midpoint of the right supporting bearing, has a nodal displacement u3, namely, the angle
of the torsion; node 4, which is set to the output of the shaft, has a nodal displacement w4, namely, the angle of
torsion. So the transverse vibration and the torsional vibration can be expressed by the generalized-coordinate
vector u; = {u; u» w3 us)'. In the diagram, XYZ is a rotating coordinate system.

crank ¢ rocker

a——AC motor b

coupler d

Fig. 1. Diagram of the motor—linkage mechanism system: (a) AC motor, (b) crank, (c) coupler, and (d) rocker.
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Fig. 3. Schematic diagram of air-gap eccentric vibration.

Considering the moment of inertia of the electromotor shaft (including rotor), the kinetic energy of the
electromotor element can be expressed as

[1 1]
7= 5 [ om0+ mod )07 v 0P x4 5 [ I+ madi)] 712,50 d
0 0

1 h :
5 [ Ui+ 1l 0P n

where /1 = I} 4+ [12 + /13 is the length of the electromotor shaft, and /;, /1> and /5 are, respectively, the length
between point 1 and point 2, point 2 and point 3, point 3 and point 4; m1;(x) is the mass distribution function of
the electromotor shaft; m,q is the rotor mass which is at x = /;;; Ji(x) is the moment of inertia distribution
function of the electromotor shaft; J,, is the moment of inertia of the rotor which is at x = I,;; W1 ya(x, ?) is the
transverse absolute velocity in the Y direction on the point of the electromotor shaft whose coordinate is x,
W 1z4(x, t) is the transverse absolute velocity in the Z direction on the point of the electromotor shaft whose
coordinate is x, V4(x, 7) is the absolute angular velocity of the cross section on the electromotor shaft whose
coordinated is x.

Omitting the shearing deformation energy and yield deformation energy, the elastic potential energy of the
element can be written as

1 [h EWiy(x, 0] 1 [h EWisx, 0] 1 [h Vi(x, 0]’
Ny —5/0 Elll(x)[T} dx+§/0 Elll(x){T} dX+§ ; GIJOI(X){T] dx,
(2)

where W7 y(x, ) is the transverse displacement in the Y direction on the point of the electromotor shaft whose
coordinate is x, Wjz(x, t) is the transverse displacement in the Z direction on the point of the electromotor
shaft whose coordinate is x, V(x, ?) is the angle of elastic torsion on the point of the electromotor shaft whose
coordinate is x (see Appendix); E; is the Young’s modulus of the electromotor shaft material; G, is the shear
elastic modulus of the electromotor shaft material; 7;(x) is the distribution function of the anti-bending
sectional moment of inertia of the electromotor; Jy;(x) is the distribution function of the polar moment of
inertia of the electromotor.
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The air-gap eccentric vibration of the rotor is shown in Fig. 3, where point O is the inner circle geometric
center of the stator, point O is the outer circle geometric center of the rotor and its coordinate is (uy, u,), 0 is
the length of air gap, e is the air-gap eccentricity and

e=/u} +uj. (€)

According to electromechanical analysis dynamics, the air-gap magnetic energy of the electromotor can be
written as [9]

2n 00
N1 = S50 [ 403 fcos” (1= 91) [Fi G053 (@t = 2)+ Fay c0s(py 500t = 2= I dn. (4
0 n=0

where R, is the inner radius of the electromotor stator; Lo, is the effective length of the rotor; Ay = uo/o, is the
even air-gap permeance of the electromotor, ¢ = k,d, o is the magnetic permeability coefficient of air, &, is
saturation, k, = 1 + Jr./k1 0o, ky is the calculation air-gap coefficient of the even air gap, J. is the equivalent
air-gap of ferromagnetic materials; & = e/k,dy, is the effective relative eccentricity; wo = 60f/p, is the
synchronous speed of electromotor, f'is the frequency of power, p is the number of magnetic pole-pair of the
compounded magnetic field; s is the slide ratio; ¢; is the rotation angle of the crank; ¢ is the phase angle of
rotor current lagging behind the stator current; Fy,, and F», are the three-phase compounded magnetomotive
amplitude of the stator and rotor, respectively.

The total potential energy N; of the element contains the elastic potential energy N;; and the air-gap
magnetic energy of electromotor N;,, namely

Ni=Nn+Nip. (5

Lagrange equation which is used in the electromotor element can be expressed as

d /oT, oTry ON, ; _
—_—— ) - — 4+ —— =f
dt <6u1) ou; + ouy I I (6)

where f; is the external excitation force vector, ; is the force vector exerted on the electromotor element by
the other elements connecting to the electromotor element.

Substituting Egs. (1)—(5) into Eq. (6), rearranging, and omitting the effect of the damping, the dynamic
equation of the electromotor element is obtained as

i + (K + Ko)wy = £ + q, — iy, (7

where i is the mass matrix of the electromotor element, K; is the stiffness matrix of the electromotor element
related to Nqq, Kop is the stiffness matrix of the electromotor element related to N, (see the Appendix); uy, is
the rigid body acceleration vector of the electromotor element.

2.2. Beam element of three-dimensional braided composite materials

The basic fiber structure of the three-dimensional braided composite materials is of three-dimensional and
four-directional texture, as is shown in Fig. 4 [6], and the geometrical unit-cell can be adopted in analysis, as is
shown in Fig. 5 [7]. Four bundles of braided yarns are in the diagonal direction of the unit-cell, and intersect at
the center point O. Each braided yarn makes an angle o with x-axis, called the braided angle, and its projection
in the y—z plane makes an angle § with y-axis. As is shown in Fig. 4, the o and f belong to the first direction
braided yarn. By analyzing the stiffness characteristic of this material by the laminated plate analogy,
the materials can be regarded as the superposition of four unidirectional fiber composite materials, and
the stiffness of the materials is the superposition of stiffness of the four parts according to their volume
fractions [§].

In general, the links of the linkage mechanism are slim bars, so the links fabricated from three-dimensional
braided composites can be simulated using the beam element.



928 Z. Li et al. |/ Journal of Sound and Vibration 311 (2008) 924-940

Fig. 4. Three-dimensional and four-directional structure of the three-dimensional braided composite material.

/,
b

Fig. 5. Geometrical unit cell.

According to the finite element method, the generalized-coordinate vector of the beam element of three-
dimensional braided composite materials can be expressed as

T
w={us us u; ug ug uyp Uy Up},

where us and ug are the longitudinal displacements of the nodes, ug and u;, are the transverse displacements of
the nodes, u; and u;; are the elastic rotation angles of axes at the nodes, ug and u;, are the curvatures of axes at
the nodes.

The kinetic energy of the beam element can be expressed as

b b

T2=5 [ @ 0P ds 45 [ @ ds, ®
where ¥ is the coordinate of the beam element in the local coordinate system; /, is the length of the beam
element; m,(X) is the mass distribution function of the beam element, m,(X) = p,A4,(%), p» is the average mass
density of materials, p, = py v + P2V2m> p2r and py,, are the densities of fiber and matrix, respectively, vyr
and v,,, are the volume ratio of fiber and matrix, respectively, 4,(X) is the distribution function of the area of
the cross-section of the beam element; W,,(%, 7) is the transverse absolute velocity of the central point of any
cross section of the element; V»,(x,7) is the longitudinal absolute velocity of the central point of any cross
section of the element; W,(X, ) is the transverse displacement of the central point of any cross section of the
element, V,(%,¢) is the longitudinal displacement of the central point of any cross section of the element
(see the Appendix).
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According to microstructure of composite materials, the strain energy of the jth part in the beam element
can be expressed as

1
sz = E/Q 8—25-0'2j d.Qj, (9)

]

where Q; is the volume of the jth part; €,; and 6,; are, respectively, the strain and stress vectors of the jth part in
its orthogonal axis coordinate system x'y’z’.
Each part can be considered as transverse isotropic, so the constitutive relation of the jth part in its

orthogonal axis coordinate system x’y’z’ can be expressed as [§]

0y = Cye, (10)
where
Ciu Cn Cis
Cpn Cxn (O 0
Ciz Cpn Cxn
CZj = C44 5
0 Css
Ces
Cii = (1 — py303)Enr /K, Cio = (14 pp3)pip1 Ent /K,

Con=Cyx3=(1 —puyup)En/K, Cux=(uy+ upy)En/K,
Cas = G23; Cs5 = G13; Cog = Gro, K =1 = 215091 (1 + pip3) — fip3hias

according to micromechanics of composite materials, the elastic constants Ej;, G; and y; can be calculated
from elastic constants of fiber and matrix, volume ratio of fiber and the microstructure parameters of
composite materials.

The strain vector of the jth part in the beam coordinate system xyz can be obtained from the transition
relation of strain in elastic mechanics as

£ = Lyjes, (11)

where Lo; is the transition matrix of strain which is determined by the direction cosine between the beam
coordinate system xyz and the orthogonal axis coordinate system z'y’z’ of the jth part; &, is the strain vector of
the beam element.

The relation between the strains and nodal displacements can be written as [§]

& = SQUQ, (12)
where

S;=[Sa1 S» Sy Su S Skl
So={d5(x) 0 0 0 ¢s(x) 0 0 0},
Sas =1{0 () ¢hX) Py(®) 0 ¢(®) ¢ (F)  PLE),

S»=S3=83=Sx={0 00 0 0 0 0 0}
Substituting Egs. (10)—(12) into Eq. (9), rearranging, the following equation can be obtained as

1
sz = ug (5/9 SFZFLECZ/szSQ dQ/> up. (13)
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As described above, the three-dimensional braided composite materials can be regarded as the superposition
of four unidirectional fiber composite materials, so the total potential energy of the beam element is

4
1
Ny=u! <Z§ /Q STL,CyLy;S, d9j> . (14)
j=1 j

Lagrange equation which is used in the beam element of three-dimensional braided composite materials can
be expressed as
d /0T, 0T, ON,
— (=) - =—=+=——==1+q, 15
dt(@i{z) o T, 2T (15
where f, is the external excitation force vector, q, is the force vector exerted on the beam element by the other
elements connecting to the beam element.

Substituting Egs. (8) and (14) into Eq. (15), rearranging, and omitting the effect of the damping, the
dynamic equation of the beam element of three-dimensional braided composite materials is obtained as

Mo, + kowp, = + ¢, — Moy, (16)

where i, is the mass matrix of the beam element, k, is the stiffness matrix of the beam element
(see the Appendix); uy, is the rigid body acceleration vector of the beam element.

2.3. Dynamic equations

In order to simplify the problems and make the leading issues prominent, the three-phase AC
motor—linkage mechanism system with links fabricated from three-dimensional braided composites is divided
into six elements. The electromotor is regarded as one element, as shown in Fig. 6. The crank is regarded as
one beam element, and the coupler and the rocker are, respectively, divided into two beam elements, as shown
in Fig. 7. The serial numbers of the nodes are represented by 1, 2, .... The serial numbers of the elements are
represented by @, @, .... The serial numbers of the links are represented by (1), (2), .... U, U,, Uy, Uy, Uy,
U12, U15, U16, U|9, Uz() are the elastic displacements; U5, Ug, U]o, U13, U17, U]g, U2|, U23 are the elastic
rotation angles; U;, Uy are the torsion angles; Uy, U4, Uy, Usy are the curvatures. So the elastic displacement
vector of the system in the global coordinates is

U={U, U, Us; Uy Us Us U; Us Uy U Uyn Upp Uiz
Uy Us Uy Uy U Uy Uy Uy Uxn Uyp Uil

Assuming that R; is the transformation matrix of the ith element between the element coordinates and the
global coordinates, and B; is the coordinate compatible matrix of the ith element between the local number
and the global number, the dynamic equation of the element @ in the global coordinates can be expressed as

MU + (K¢ + KU = FS + Q¢ — MeU,, (17)

where U, U, U,, respectively, represent the elastic displacement vector, the acceleration vector and the rigid
body acceleration vector of the system in the global coordinates, and

M¢ = B[R] RB;, K{=B/R/kRB;, K; =B/R[kyR;B,

U,

A y 4 U, U; U,
lgé, V ple
ﬁ17_ 0 2 ‘ 3/ ‘ 4

(1)

Fig. 6. Electromotor element.
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Us

Fig. 7. Elastic linkage mechanism.

F{ =B[R{f;, Q{=B/R[q;.

The dynamic equation of the ith element in the global coordinates can be expressed as

MU + KU = F¢ + Q¢ — MU, (18)
where i = 2,3,4, 5,6, and
M¢ = B/R/mR;B;, K¢!=B/R'k:RB;, F=B/R'f,, Q‘=BR/q.

Without consideration of the effect of the damping of the system by Eqs. (17) and (18), the dynamic
equation of the system can be obtained as

MU + (K + Ko))U = F — MU,, (19)

where

6 6 6
M:;Mf, K:;Kf, Ko = Kg,, Fngf.

Assuming that the damping changes with elastic distortion in direct ratio, and considering the effect of the
damping of system, the dynamic equation of the motor—elastic linkage mechanism system with links fabricated
from three-dimensional braided composites is

MU + CU + (K + K¢))U = F — MU,, (20)

where C is the damping matrix of the system.
3. Analysis of nonlinear vibration

According to electromechanical dynamics, the dynamic equation of the electromotor shaft, which is rotating
around its fixed axis, can be written as

Jopy =Te—Tcy — T, — Ty, (21)

where Jj is the moment of inertial of the electromotor shaft, including the moment of inertia of the rotor J;
T, is the electromagnetic torque of the electromotor; T, is the copper loss torque of the electromotor; T, is
the load torque of the electromotor; T is the runaway braking torque of the electromotor, which is much
smaller than T,.

According to electromechanical dynamics, 7, can be written as

__ONp
0, .

(22)

e
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Substituting Eq. (4) into Eq. (22), and rearranging, 7, is obtained as

T, = i‘ 24 U3 - { Ug)— LU U, | sin (Qo1)
+13 23 2)+ U1 Uz] cos (Qo1), (23)

where U;, U, are, respectively, the first and second coordinates which represent the elastic displacement of the
electromotor shaft, as shown in Fig. 6,

g = ﬂRLoAOFlszm sin qS,
9o = TCRLOAO(FlmFZm Ccos d) + F%m CoS 2q5),

g3 = TRLyAo(F 1,nFom sin ¢ + F2m sin 2¢)
and
Qp = 2wy. (24)
According to electromechanical dynamics, 7, can be written as
Tcy =sT,, (25)

where s is the slip ratio.
According to mechanics of materials, T, can be written as

T, = ExLUs, (26)

where F, is the Young’s modulus of the material of the crank, I, is the moment of inertial of the root of the
crank, Us is the sixth coordinate which represents the curvature of the crank, as shown in Fig. 7.

Substituting Egs. (23), (25), (26) into Eq. (21), omitting 7}, and rearranging, the following equation can
be given:

E,I 1
¢1=—%06+s{(2 )91(02+U)+(1—s)[ (Ui - 0))
0
2 .
—|—2 ZJ U1U2] cos (2o1) — (1 —s)[4 2, (U U3) — Ule] sm(Qot)}. 27
Replacing U;, U, and Ug by U, and rearranging, Eq. (27) can be written as
&, = ULU+ UK, U + UK, U cos (Qo1) + UTK,3U sin (Q?), (28)
where K, K,», K3 are the 24th-order matrixes, U,; is the 24th-order vector, and
E>I (1—s)g
(Usl)6 = _J—o’ (Ksl)ll = (Ksl)zz = TJOI’
(1 —9)g; (1 —29)g; (1-19)g,
(Ksz)n = ma (Ksz)zz = _TZJO’ (K£2)21 = (Ksz)lz = TJO’
(1 =593 (I1—5)g; (I1—-25)g,
Ke3)y = a0, Ke3)p = i, (Ke3)y) = (Ke3)1p = 202,

the other terms of Uy, K., K.», K,3 are all zero.
The self-excitation inertia force of the system can be represented as

Q=-MU, (29)

where U, is the rigid body acceleration vector of the system in the global coordinates.
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According to mechanisms, U, can be expressed as [10]
U, = U, ¢} + U, o, (30)
where U, and U, are the 24th-order coefficient vectors which are determined by the structural parameters of
the system.

Substituting Egs. (28) and (30) into Eq. (29), expanding the parts of the self-excitation inertia force which is
related to ¢? into Fourier series, and rearranging, the following equation can be given:

N
Q=) Fp — MU, U U-MU,UK,U
k=1
— MU, UK, U cos (2t) — MU, UTK,3U sin (Qo7), (31)

where N and Fp, are, respectively, the maximum selected term number and vector of the k-order term of the
expansion of the Fourier series, and Fpy is expressed as

(Fpk); = Fpii cos (k11 + @y,), (32)
where ; is the rotating speed of rotor, Fpy; and ¢y; are, respectively, the amplitude and phase angle, which can
be obtained by the expansion of Fourier series.

According to the derivation of Eq. (20), Ky, is determined by the electromagnetic parameters of the motor,
and it can be expressed as

Ko = Kj1 + Kj2 cos(2o1) + K3 sin (Q1), (33)

where K, K;», K3 are all the 24th-order matrices (see the Appendix).

Without consideration of the external excitation force F, substituting Egs. (29), (31) and (33) into Eq. (20),
introducing ¢ as the designator for these small quantities, and rearranging, the following equation can
be given:

N
MU + KU = ) "Fp + {[-MU,U; U - MU, UK, U
k=1
— MU, UK, U cos (Qy7) — MU, UK ,3U sin (Q7)
— KU — K}2U cos (2y7) — K3U sin (@) — CU]. (34)
Eq. (34) shows that the dynamic equation of the motor—elastic linkage mechanism system with links fabricated

from three-dimensional braided composites is nonlinear.
Assuming that the linear transfer functions are:

U=¢n,
U = ¢n), (33)
U = ¢y,

where ¢ is the modal transfer matrix, n is the modal coordinate vector corresponding to ¢.
Substituting Eq. (35) into Eq. (34), multiplying the equation by ¢ ', and rearranging, the following equation
can be given:

N
i+ Kon =Y Fopi + d{—¢"MUU[ 6n — " MU Ko
k=1

— ¢"MU,n"Ko.om cos (o) — ¢ MUn"Ko,31 sin (Q7)
— Konim — Koi2m cos (207) — Koi3m sin (297) — Conl, (36)
where
Kot = ¢'Kiid, Koo =¢0'Kipd, Koz = ¢'Ki30,
Ko = 'K, Koo = ¢'Kod, Ko = ' K30,
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K = »? , Co= 26,0, . Fopr = ¢"Fpy

and ¢, and o, are, respectively, the damping ration and the natural frequency of the r-order mode of the
system.

Definition. For a nonlinear system with multi-degrees-of-freedom, the frequency of each expanded term at the
right side of the normal equation of the first-order approximate nonlinear system is defined as the frequent
factor. If a frequent factor appears in more than one place or more than one time, only one frequent factor is
counted, i.c. all the terms which are with the same frequent factor are considered as one term [3].

Using the method of multiple scales [11], the corresponding frequent factors of Eq. (36) can be obtained as:
kQ, (kE£pQ,, kQ *w, o, *ow;,
Qy, Qotw, Qo+kQ, Qo+ ((k+pQ, (37)
Qo +20,, Q)+t (w +w), Qx(w +kQ),

where r,i =1,2,...,24; k,p=1,2,...,N.

According to the theory of nonlinear vibration, some resonance phenomena will take place in the system
under certain conditions:

(1) On condition that kQ; ~ w, or (k £ p)@Q; = w,, the super-harmonic resonance will take place in the
system.

(2) On condition that Q) ~ w,, the primary resonance will take place in the system.

(3) On condition that Qy — w, =~ ,, namely Qy ~ 2w,, the 1/2-order sub-harmonic resonance will take place
in the system.

(4) On condition that Qy — 2w, ~ w,, namely Qy ~ 3w,, the 1/3-order sub-harmonic resonance will take
place in the system.

(5) On condition that Qy + o, ~ ;, or Qy & (. + w;) & w;, or Qy £ (w, = kQ|) = w;, or Qy £ kQ| ~ w;,
the combination resonance will take place in the system.

(6) On condition that w, & w; &~ w;, the internal resonance will take place.

(7) On condition that two types of the resonance take place in the same time, the multiple resonance of the
system will take place in the system.

As analyzed above, the natural frequency w, of the system is determined by the structural parameters and
the composite material parameters, and the frequency Q2 is determined by the synchronous rev of the motor,
so the frequent factors shown in Eq. (37) are related to the structural parameters, the electromagnetic
parameters and the composite material parameters. That is to say, not only the structural parameters, but also
the electromagnetic parameters and the composite material parameters have significant effects on the
nonlinear vibration of the system.

4. Example

In order to study the effects of the electromagnetic parameters and the material parameters on the
motor—linkage mechanism system with links fabricated from three-dimensional braided composites, the four-
bar linkage mechanism with 1-links (without consideration of the effect of the electromotor on the
mechanism), the three-phase AC motor—four-bar linkage mechanism system with 1-links and the three-phase
AC motor—four-bar linkage mechanism system with 2-links are analyzed, respectively.

(1) The parameters of the electromotor.
The type of electromotor is YS8024 and the parameters of the electromotor are as follows: the length of
the iron core of the motor Ly = 80 mm, the inner diameter of the stator D; = 75 mm, the rated power
Py = 0.75kW, the rated current Iy = 3.48/2.01 A, the rated voltage V' = 220/380V, the length of the even
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air-gap 0o = 0.25mm, the magnetic permeability coefficient of air py, = 47 x 10—7 H/M, the saturation
k, = 1.2, the number of the magnetic pole-pair of compounded magnetic field p =2, the rated rev
ny = 1440 rpm, the mass of the rotor m;o = 2.93 kg, the moment of inertia of the rotor J;o = 0.021 kgm,
the frequency of the power supply f= 50 Hz, the synchronous rev of the motor wg = 25 Hz.

(2) The geometrical parameters of the four-bar linkage mechanism.
L, b and h, respectively, represent the length, width and thickness of the links; the cross-sectional
parameters of every bar: b =20mm, h=5mm; the lengths are: crank L, =210mm, coupler
L, = 585mm, rocker Ly = 430 mm, and frame L4 = 600 mm.

(3) The material parameters of the 1-links fabricated from three-dimensional braided composites.
The material composition of the 1-links is T300 Epoxylite and the material parameters are taken as
follows: G, is the shear elastic modulus of matrix, and G,,, = 1.26 GPa; v,rand v,,, are, respectively, the
volume ratio of fiber and matrix, and vy, = 0.25, v5,, = 0.35; poyand p,,, are, respectively the densities of
fiber and matrix, and p,r= 1.76 g/em?, p,,, = 1.36 g/em?; the total volume ratio of fiber is 0.6; o and f§ are
the braided angles, and o = 30°, § = 30°.

(4) The material parameters of the 2-links fabricated from three-dimensional braided composites.
The material composition of the 2-links is T300 Epoxylite too. The material parameters of the 2-links are
the same as those of the 1-links except o« and f, and « = 53°, f = 47°.

It is assumed that the rotating speed of the crank is Q; = 288 rev/min (= 4.8 Hz), and it can be obtained by
Eq. (24) that Qy = 2wy = 50 Hz.

For the four-bar linkage mechanism with I-links fabricated from three-dimensional braided composites
(without consideration of the effect of the electromotor), the first three-order natural frequencies of the
mechanism are calculated to be that w; = 47 Hz, w, = 153 Hz and w3 = 269 Hz. According to the parameters
above, we obtain 10Q; ~ w;, which shows that the condition of the super-harmonic resonance is satisfied, so
the super-harmonic resonance of the mechanism will take place on condition that 10Q2; ~ w;. Meantime, the
forced vibrations of the mechanism will take place due to the self-excitation force, whose excitation
frequencies are obtained as Qy, 2Qy, ..., kQ; by Eq. (32). The simulation time-domain and frequency-domain
dynamic response characteristics curves of the coupler midpoint of the mechanism are shown in Figs. 8 and 9,
respectively. In Fig. 9, it is known by analyzing that the peak at the first-order natural frequency (w; = 47 Hz)
is mainly caused by the super-harmonic resonance and the peaks at the lower frequencies are mainly caused by
the forced vibrations.

For the three-phase AC motor—four-bar linkage mechanism system with 1-links fabricated from three-
dimensional braided composites, the first three-order natural frequencies of the system are calculated to be
that w; = 47Hz, w, = 153 Hz and w; = 269 Hz. According to the parameters above, we obtain Q) — Q; ~ w;
and 10Q;~w;, which show that the conditions of the combination resonance and the super-harmonic
resonance are satisfied in the same time, so the multiple resonance of the system will take place on condition
that Q) — Q) ~ w; and 10Q, ~ w,. Meantime, the forced vibration of the system will take place due to the self-
excitation force, whose excitation frequencies are obtained as Qy, 2Q,, ..., kQ; by Eq. (32). The simulation
time-domain and frequency-domain dynamic response characteristics curves of the coupler midpoint of
the system are shown in Figs. 10 and 11, respectively. In Fig. 11, it is known by analyzing that the peak at the
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Fig. 8. Simulation time-domain dynamic response characteristics curve of the coupler midpoint.
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Fig. 9. Simulation frequency-domain dynamic response characteristics curve of the coupler midpoint.
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Fig. 10. Simulation time-domain dynamic response characteristics curve of the coupler midpoint.
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Fig. 11. Simulation frequency-domain dynamic response characteristics curve of the coupler midpoint.

first-order natural frequency (w; = 47 Hz) is mainly caused by the multiple resonance and the peaks at the
lower frequencies are mainly caused by the forced vibrations.

For the three-phase AC motor—four-bar linkage mechanism system with 2-links fabricated from three-
dimensional braided composites, the first three-order natural frequencies of the system are calculated to be
that w; = 47Hz, w, = 177 Hz and w; = 313 Hz. According to the parameters above, we obtain Q) + Q) ~ w;
and 11Q;~w;, which show that the conditions of the combination resonance and the super-harmonic
resonance are satisfied in the same time, so the multiple resonance of the system will take place on condition
that Q) + Q) = w; and 11Q; ~ w;. Meantime, the forced vibration of the system will take place due to the self-
excitation force, whose excitation frequencies are obtained as Qy, 2Q,, ..., kQ; by Eq. (32). The simulation
time-domain and frequency-domain dynamic response characteristics curves of the coupler midpoint of the
system are shown in Figs. 12 and 13, respectively. In Fig. 13, it is known by analyzing that the peak at the first-
order natural frequency (w; = 54 Hz) is mainly caused by the multiple resonance and the peaks at the lower
frequencies are mainly caused by the forced vibrations.

The results of the simulations presented in Figs. 8-13 show: (1) the dynamic responses of the coupler
midpoint of the system with consideration of the effect of the electromotor are greater than those of the system
without consideration of the effect of the electromotor, because the electromagnetic parameters of the motor
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Fig. 13. Simulation frequency-domain dynamic response characteristics curve of the coupler midpoint.

have important effects on the nonlinear vibration of the system; (2) the dynamic responses of the coupler
midpoint of the system vary with the material parameters of three-dimensional braided composites, because
the material parameters have important effects on the nonlinear vibration of the system.

5. Conclusions

In this paper, the nonlinear vibration of the three-phase AC motor—linkage mechanism system with links
fabricated from three-dimensional braided composite materials is studied. The relation between the nonlinear
vibration of the system and the parameters of the system is obtained. The study shows that not only the
structural parameters, but also the electromagnetic parameters and the material parameters have significant
effects on the nonlinear vibration of the system; and that under certain conditions, there exist internal
resonance, super-harmonic resonance, 1/2-order sub-harmonic resonance, 1/3-order sub-harmonic resonance,
combination resonance, and multiple resonance. This paper is helpful for deeply carrying out the analytical
and experimental studies on the dynamic response, harmonic oscillations, stability and choas control of the
motor—linkage mechanism system with links fabricated from three-dimensional braided composite materials.
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Appendix

According to the finite element method, W, y(x, ), Wiz(x, t) and V;(x, t) can be expressed as
Wiy(x, 1) = ¢ (X)ui(2),
Wiz(x, 1) = ¢ (x)ua(?),
Vi) = Y ¢iu(n, i=3,4,
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where ¢1(x), ¢2(x), Pp3(x), Pp4(x) are the shape functions, and
1 —10e3, + 15¢f, — 6¢7,, x<Iy
$1o(x) = 1 =10}, + 15¢f, — 6e,, ln<x<hi+1n

0, I +lh<x<ln+la+1i
05 Xélll,
Pi(x) =< 1 —en, Ihi<x<hy+ho,
ei3, I +lo<x<ly+ o+ 1,
0, x<lyy,
Pa(x) =<0, lh<x<li+ o,

l—ei3, ln+lo<x<lu+lno+s,

where ey = x/l1, en =1 +lio —x/lin, eis =11 —x/113.
The mass matrix of the electromotor element m, is

I

(1)), = /0 1(9) + m0(Y]gh, ()b, () div,
I

(1) = /0 [119) + 1103 b (ba(x) div,

I8
(i), = /0 1) + T1olb), (v) dx. k. p = 3,4,

the other terms of m; are zeros.
The stiffness matrix of the electromotor element k; is

N 2
&), =/0 Ed](x)[a ‘ﬁ‘(x)} dx,

/;
(121)22:/0 Elll(x)|: 2

09i(x) 9¢() dx, k,p=23,4
~ , k,p=3,4.

Ox 0

The stiffness matrix of the electromotor element Ko, is

A
(El)kp=/0 G1Jo1(x)

(Kot); = —2g4 — g5 c0s (Qo1) — gg sin (1),
(Ko1)12 = (ko)y; = —gs sin(Qo1) + gg cos (1),

(Ko1)yy = =294 + g5 c0s (Qo1) + g sin (1),
the other terms of Ko, are zeros, where
Qo = 2w,
_ R Lo Ao [
ga = 462

_ TCR]L()]AO
95 = 45

F%m + F%m + 2F1mF2m COoS ¢],

[F%m + FZ Cos 2¢ + 2FlmF2m COos ¢],

2m
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_ R Ly Ay

96 =4 [F3,, sin 2 + 2F 1, Fay sin ],

K]], K]2 and K13 arec:
Ky = Ki)y = —2g,

K =—9gs, K=Ky =96  (Kin)y = 9s,

K3 =—96 K)o =Kiz)y = —¢gs, (Kiz)p = s

the other terms of K;;, K|, and K,3 are zeros.
According to the finite element method, W, (%, t) and V> (X, ) can be expressed as

Wi(%,0) =3 i(Dur), i=16,7,8,10,11,12,
Va(x,1) = ; ¢;(Xu;(0),  j=15,9,
where $5(%), ¢(%), $7(0), d(%), ¢o(), d10(X), ¢11(%), ¢12(%) are the shape functions, and
Ps(®)=1—es,
$g(F) = 1 — 10e3 + 15¢5 — 6¢3,
$+(%) = ey — 63 + 8¢5 — 3¢3),
$s(%) = (e3 — 363 + 3¢5 — €))/2,
bo(%) = €2,
}10(X) = 103 — 15¢3 + 6e3,
¢11(%) = h(—4e3 + 7¢3 — 3¢3),

$1a(®) = 563 — 263 + &) /2,
where e, = %//5.
The mass matrix of the beam element i, is

153
(Iﬁz)z/ = /0 p2A2(x)¢l(x)¢/(x) dx’ l’] = 63 73 83 105 119 123

153
(1), = /0 prAs(D (D, (D dE,  kop=5.9.

The stiffness matrix of the beam element Kk is

4

_ 1

k) = E‘ 1:§ /Q | S5 Ly;CyjLy; S, dQ;.
J= j
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