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Abstract. This paper aims to propose a variable speed approach for minimizing the output
acceleration of coil winding mechanism, and verify its feasibility by simulation. Firstly, the
structure of RRCCC winding mechanism is described. Then, its kinematic dimensions are
examined. Furthermore, the design approach of the variable speed trajectory is presented.
Finally, the feasibility and validity of the proposed approach are investigated by Kinematic
simulation. The results show that the proposed approach can effectively reduce the output
acceleration; therefore the vibration and the inertial force of the shuttle can be minimized.
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Introduction

A coil winder refers to a machine that warps wires on an object with specific shape [1]. It
can be classified as general purpose type and specific purpose type. The former can wrap wires
on many kinds of parts; nevertheless the later can only do on a few parts with specific shape. It
is extensively used in production and manufacturing of various parts, e.g., motor coils, textile,
heaters, and cables. Nowadays, it is one of important and indispensable automatic machinery.

The dynamic characteristics of the winder play an essential role in the quality of its products.
The unwanted higher acceleration of the shuttle will cause the breakage of the enameled wire
that it wrapped. In addition, the fluctuation of the acceleration will produce vibration, and lead
to loose winding. Therefore, it is a critical topic to improve the acceleration of the winder.

In 1922, Gysel [2] presented a mechanism that can warp wire internally, which can be
simplified to be a RCRC over-constrained mechanism. It has advantages of simple structure and
low cost. In 1922 and 1934, Herrick [3] and Laib [4] employed cam mechanisms and linkages
to stator coil wide, respectively. However, its structure is complicated. In 1953, Harvey [5]
proposed a stator coil winder using gear trains and linkages. In 1962, Gorski et al. [6] applied
conjugate cams to the stator coil winders for controlling the rectilinear and rotary motion of the
shuttle. In 1966, Moore [7] proposed a stator wider by using gear train. In 1979, Finegold [8]
utilized Scotch yoke mechanism and cam mechanism to produce the motion of the shuttle. In
1979, Kamei [9] proposed a coil winder with a differential. In 2011, Hsieh & Tsai [1]
investigated the feasibility of a new coil winder with a spatial RSPC mechanism by conducting
kinematic simulation. From the literature above, only a few patents and introductory literature
on the coil winders could be found. No rigor investigation on the design of the coil winder.
Needless to say, the improvement of its performance.

The purpose of this study is to propose a variable speed approach for improving the output
acceleration of coil winding mechanism. First, RRRCC winding mechanism will be introduced.
Then, kinematic analysis will be carried out. Next, a design approach for the variable input
speed trajectory will be proposed. Furthermore, the canonical form of optimization for the
trajectory will be also formulated. Finally, a design example will be given for illustration, and
the effectiveness of the proposed approach will be investigated.

RRRCC Winding Mechanism

Fig. 1 shows the schematic of the shuttle’s motion for a stator coil winder. The shuttle will
reciprocate and oscillate simultaneously at the ends of its strokes to warp the enameled wire on
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the upper and lower molds, and then guide the wire into the proper position in the stator. Spatial
mechanisms are widely adopted to be the mechanism of coil winders. Since it can drive, by
using only a rotating motor, the shuttle to translate and rotate simultaneously. In this study, a
spatial RRRCC coil winding mechanism is investigated. Its schematic diagram is shown in
Fig. 1, where revolute pairs are located at joints A, B, and C and cylindrical pairs are located at
joints D and E.

Fig. 1. Coil winding [7] Fig. 2. RRRCC coil winding mechanism

Kinematic Analysis

Since the dual number notation is a compact form for representing the geometry between
two lines, it is used for the subsequent analyses in the study. The kinematic analysis is
performed as what follows:

1. Defining the geometry

The mechanism is completely defined by the following dual number notations:

(1) Between adjacent pairing axes:

y=y+ec (1)

where ¢ is the dual angle between z; and z,, a is the twist angle, and « is the link length, and
the other four dual angles can be similarly defined. In addition, ¢ is the dual unit having the
property & =07[10].

(2) Between adjacent common perpendiculars:

y=x+eés (2)

where ¢? is the dual angle between x; and x,, ¢ is the angular displacement of joint A, and p is
the offset between x; and x,, and the other four dual angles can be similarly defined.
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There are seven variables in Eq. (2). Angles ¢ and y are the input angle and the output
angle, respectively, v is the output translation. The other variables are angles 7, y and & and
translation u. There are 13 constant kinematic dimensions, 10 quantities (a, b, ¢, d, e;
a, B, 5, 0, A) in Eq. (1) and 3 quantities (p, ¢, s) in Eq. (2), necessary to specify completely a
five-bar RRRCC winding mechanism.

2. Establishing loop-closure equation by dual matrix
From Fig. 2, the loop-closure equation of the linkage, expressed in dual matrix, can be given

by:

(6316 1A 1LA L A NS G 95 104 =11 3)
where:
[Ccop S¢p 0] 1 0 0
[¢],=|-S¢ Cp 0 [¢],=|0 Ca Sa
| 0 0 1] 0 -Sa Ca
Cch Sh 0] 1 0 0
[i],=|-s7 ci o 18] =0 cp sp
L0 0 1] 0 -SB Cp
fcy Sy o 1 0 0]
[2),=|-s% ¢z 0O [7],=|0 ¢ Sy "
| 0 0 1 10 -Sy Cy
cé Sé 0 10 0]
[£] =|-sé & o 5] =[0 ¢7 s7
0 0 1 10 -Sy Cy?_
Cy Sy 0 10 0 |
[v],=|-Sv cy o [2]1 0 Cci SA
0 0 1 0 —Si CA
where C and S in the matrices denote the cosine and sine of the respective angles.
By rearranging the terms of Eq. (3), it yields:
AL CATAV AR PRI 7N (%)
By substituting Eq. (1) and Eq. (2) into Eq. (5), we have:
A G Gi3 by by b
Uy Ay Gy |=|by by by (6)
31 Az a3 by by by
where a; and b; (i, j = 1~3) are the elements of the matrices in left side and right side of Eq.

(6), respectively, and their expressions can be found in Refs. [11] and [12], are not listed here
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due to page limitation. In addition, the expressions of the coefficients omitted in the following
equations can refer to the same references, and will not be stated additionally.
3. Finding the equation of the input and output angles

Equating as; to b33 in Eq. (6), and followed by simplifying it, we have:
CH=SAUCHCAS B+CRCHSA)+ S BSHSASH) +SHCHCHSGS fSA+
CA-CACASG+SASASH) +(CASESH+CASISHS 1)+ (7
Ca(—CACFS BSy + CHCICA—CHRCHCISTSA) + CHSA—CICRS B+ S7SAS 7)) = Co
where y, ¢ and 7 are all the variables in Eq. (7). To eliminate #, the following transformations
are introduced:

x, =tan(¢/2), x, =tan(e/2), x, =tan(r7/2) (8)

Then, we have:

cosp=~1-x2)/(1+x>), sing=2x /(1+x7) 9)
cosp=(1-x2)/(1+x7), sinp=2x/(1+x7) (10)
cosnp=(1-x32)/ (1+x;%) , sinyg =2x3 / (1+x;%) (11)

By substituting Eqs. (8)-(11) into Eq. (7) and followed by separating into its primary and
dual parts, we obtain:

Ayxy® + Axy+ Ay =0 (12)
Byxy® +Bix; + By =0 (13)
where:

2 2
Ay = Aypxy” + 4y12," + Ay
A = Apxy® + A% + Ay (14)

Ay = AXy)” + Ay + Ay

and:

By = Byyx,” + Byyx,” + Byg

B, = Bx,” + B, + By (15)
B, = Byyxy” + Byyxy” + By

The necessary and sufficient condition for the existence of at least one common root of Eq.
(12) and Eq. (13) is [11]:

A A 4, 0
0 4, A4
, A4 4 -0 (16)
B, BB B, 0
0 B, B B,

By solving Eq. (16), it yields:
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Cq(x )x28 +C5(x )x27 +Cy(x )xz6 +Cs(x )xzS +

17
Ca(x)x," +C3 ()%, + Gy ()%, + € ()%, + Cy () = 0 n
Eq. (17) is the equation of the input and output angles of the linkage, it is an eight-degree
polynomial both in ¢ and y. This means that there are eight ways of configurations for the same
set of kinematic dimensions.
4. Solving other displacement variable
n can be found by solving for Cn and Sn from Eq. (7). The primary and dual parts,
respectively, are:

EnSn+ECn=Ey (18)
and:
EySn+EpCn=Ey (19)

Solving Egs. (18) and (19) simultaneously, it yields:

Sp = Ei3Ey —ExnEy (20)
EnEy —Ey By

Cnp= EnEy —Ey By ¥3))
BBy — By By

Moreover, the other displacement variables can be found by equating other elements of Eq.
(6). The primary parts of the elements 13 and 23 give, respectively:

K

Sy= 22

X S, (22)
K2

Cy=—-Z 23

X S, (23)

where:

K =SSy (CoCn —CaS¢Sn) + (SOCACy + CSSA)
SPCn+ CaC@Sn) + (COCA — SOSACw)SaSn (24)

K, = SSSU~CPCSH — CaCBSPCn + SaSPSH)
+ (SOCACy + COSA)(—CRS¢SH + CaCBCHCn— SaSBCH)
+ (CSCA— SSSACY)(SaCBCn + CaSP) 25)

The primary parts of the elements 31 and 32 give, respectively:

Z1
S&E=— 26
4 S) (26)
Z1
CéE="22 27
g S, 27
where:
1463

© VIBROENGINEERING. JOURNAL OF VIBROENGINEERING. DECEMBER 2012. VOLUME 14, ISSUE 4. ISSN 1392-8716



871. ACCELERATION IMPROVEMENT FOR COIL WINDERS OF RRRCC TYPE BY VARIABLE INPUT SPEED METHOD.
WEN-HSIANG HSIEH, CHIH-Y ANG TSENG

Z] = Y]Cl//— YzCﬂSl//"r Y3SﬂSl// (28)
Z, = Y1COSw~+ Yo(COCACY— SOSA) — Y3(CSACy + SOCA) (29)
where:

Y1=8SpCsSn + CaSpS¢Cn + SaCpBS¢ (30)
Y,=8BS¢Sn— CaSPCHCn— SaCLCH (31
Ys=-SaSpCn + CaCp (32)

The dual parts of the elements 13 and 31 give, respectively:

"y = Ru-cCySy
SyCx

,_ Rv-cCyse
SyC¢é

(33)
(34)

where:

R, = [aSaS¢Sn—p(CaCdSn + SPCn) — q(CaS¢Cn + CHSn)ISSSy -
(CaSgSn — CoCn)dCSy + sS6Cy) + [ - aSaCeSn— p(CaSpSn— C¢Cn) +
G(CaCgCn— SES(SSCACY + CSSA) + (CaCdSy + S¢Cn)
[d(CSCAC Y — SESA) — e(SSSACy — CSCA) — SSCASw ] +
(aCaSn + gSaCn) (=SS SACy + CSCA) — SaSnld(CSSACy + SSCA) +
e(SSCACY + CSSA) — sSSSASYYCy— Y2CASw + VsSASy (35)

R, = Cyl-aSKSaSPCH— CaCP) + b(CaCPSPCn — SaSPSH + CLCHSH) + p(CaSPCHCn +
SaCPCo— SPSeSn) — qSHCaSPSn — CPHCn)] — sSy (CaSPS¢Cn + SaCPS¢+ SPCHSn) —
CASYaCHSaSPCH — CaCP) — b(CaCBCHCn — SaSPCH— CASESH) +
P(CaSPSPCn + SaChSe + SPCHSn) + gSHCaCeSn + SPCn)] -

(eSASy — sCACY)(CaSPCHCn + SaCPC— SPSESn) — SASyla(CaSPCh + SaCp) +
b(SaCBCn + CaSP) — gSaSBSn] — (eCASy + sSACy)(SaSBCH — CaCB) (36)

5. Finding the output acceleration
As depicted in Fig. 3, the acceleration of the tip p at the winder nozzle a, can be expressed

as:

a,=va,’ +a’+a (37)

where a,, a, and a, are the normal, tangential, translational accelerations, respectively. And they
can be calculated by:

a,=ry (38)
a, =ry (39)
a,=v (40)

where 7, v, v and v are the half length of the nozzle, the angular velocity, the angular
acceleration, and the translational acceleration of the shuttle, respectively. It is difficult to find
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the analytical form of the last three terms. However, they can be found by using finite
difference after the numerical values of v and i have been solved from Egs. (34) and (17).

Variable Input Speed Trajectory Design

An approach for the variable input speed trajectory design is proposed in the section. The
design constraints and requirements are specified firstly. Then, the design steps are presented.
Finally, the canonical form of the optimum design for the trajectory is formulated.

g
Fig. 3. Acceleration at the tip point of the winder nozzle

1. Design constraints and requirements

(1) The shape of the proposed major trajectory must be to the time axis with the output
acceleration of the tip point p at the winder nozzle.

(2) Only Sine or Cosine function is employed.

(3) For acceleration continuity, the speeds at the beginning and the end points of a cycle must be
equal and smooth.

2. Design steps

(1) Find the acceleration of @, of the wider with constant input speed.

P
(2) According to design constraints and requirements (1), determine the shape and the frequency

of the major trajectory based on a,, obtained in the step (1).

(3) Add a constant and a minor trajectory, an arbitrarily chosen Sine or Cosine function or more,
to the major trajectory.

(4) Assign the amplitudes of trajectories, the frequencies and the phase shifts of the minor
trajectory, and the constant as design variables.

(5) Find the optimum trajectory by performing optimum design.

(6) Verify by kinematic simulation.

3. Optimum design

Optimization can be defined as the process of finding the conditions that give the maximum
or minimum value of a function [13]. Alternatively, optimization is finding a design in the
feasible region which maximizes or minimizes the objective function. In order to perform
optimum design, the design variables, the objective function, and constraints must be fully
specified.

As described in Step (4), amplitudes, frequency and the phase shift, the constant could be set
as the design variables x; (i = 1~n). The purpose of the optimization for the coil winder is to
improve the dynamic characteristics of the winder; therefore, the objective function is set as the
acceleration of the tip point p, and can be expressed as:

Minf (3, %y, X350, ) = @, (X1, X5, X3,5.0.%,,) (41
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g, =1b <x, <ub
g, =1b, <x, <ub,
=Ib, < x; <ub, (42)

3 3=

Subject to

where g; (i = 1~n) is the constraint equation, and /b; and ub, are its lower bound and the upper
bound, respectively. Therefore, the canonical form of the optimization is formulated.

Design Example

A winder with the kinematic dimensions, listed Table 1, is given here to illustrate the
proposed design process. By substituting these dimensions into Eq. (17) and Eq. (34), then
wand v can be solved, respectively. Furthermore, , v and v can be found by employing
finite difference. Moreover, the input angular speed y is set as 1 rev/sec (2n/sec). Finally by

substituting the data above into Eqs. (38)-(40), then a, can be found from Eq. (37), as shown

p
in Fig. 4. It can be found that its frequency is equal to 47/sec.

Table 1. Kinematic dimensions

Member no. 1 ’ 3 4 5
Parameter
Twist angle (deg) A=270 | a=270 | p=270 | y=270 0=90
Link length (mm) e=0 a=76 b=0 c=0 d=0
Angular displacement (deg) ¢ (input) H X é  (output)
Offset or linear displacement (mm) | p=103.9 | ¢=0 s=0 u v (output)
3.5E+006 -
3.0E+006 |
& 25E+006
é 2.0E+006 -
'E 1.5E+006
£ 1.0Es006 |
5.0E+005 |
0.0 : . !
0.0 90.0 180.0 270.0 360.0
Angle (deg)

Fig. 4. Acceleration at the tip point of the winder nozzle (constant input speed)

Based on design step (2) in Sec. 3, the primary trajectory a,, can then be set as:

ay, =x, cos(4xt+ 1) (43)

To simplify the problem, let x5 = 6.3, and then add a minor trajectory to form the proposed
trajectory according to design step (3), then it yields:
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B(X), X5, %3, %) = X, COS(47Tt + 7T) + X, COS(X370t + X, 70) + 6.3 (44)
By integrating with respect to time, the input position ¢ can then be found. Moreover,

substituting kinematic dimensions and ¢ into Eq. (37), the objective function can be obtained.
In addition, the constraint equations are set, by trial and error, as:

g =0<x<5
g, =0<x,<5 (45)
g3=0<x<20

g,=0<x,<2

Therefore, the optimization problem of the proposed design has been fully defined. It is a
nonlinear constrained optimization problem, and this type of problem can be solved by using
the fmincon function (SQP based, with medium scale option) in the optimization toolbox of
Matlab software. Due to the ease of use, the optimization is conducted here by using ADAMS
software. Fig. 5 depicts the solid model of the winder established with the specified dimensions,
Then Eqgs. (44) and (45) are set, respectively, as the objective function and the constraints for
optimization. Finally, the optimization is performed by employing Design Evaluation Tools
embedded in the ADAMS software. The optimized results are found to be x; = 2.2415,
x, =0.0640, x3 = 3.5156, x, = 0.1397. By substituting them into Eq. (44), the optimized variable
input speed trajectory is:

¢ =2.2415 cos(drt+)+0.0640 cos(3.51567¢+0.13977)+6.3 (46)

A Adams/View MD Adums R CEX

File Edit View Buld Simulate Review Settings Tools Help

& i/el

Fig. 5. Solid model of the RRCCC winder

In addition, Eq. (47) is set as the input of the winder, then the acceleration of the nozzle tip,
shown in Fig. 6, can be obtain by performing simulation. It can be found that the maximum of
the acceleration is reduced from 3.4600x10° to 1.8099x10° (mm?/sec), about 47.69 % reduction.
To compare the extent of the improvement, the area between the acceleration and the input
angle axis, which means the sum of accelerations in a cycle, is calculated. It is found that areas
before and after the optimization are 2.4026x10°% and 1.42OOX108, respectively, i.e., about
41.65 % area is reduced, therefore the inertial force and its induced vibration will be greatly
decreased.
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3.5E+006

==~ After optimization
——Before optimization

3.0E+006

2.5E+006

2.0E+006

1.5E4006 4= S 4 ~

Acceleration (mm/sec”2)

1.0E+006

5.0E+005

0.0 45.0 90.0 135.0 180.0
Angle (deg)

Fig. 6. Accelerations of the nozzle tip
Conclusions

In this work, a variable input speed approach for improving the dynamic performance of the
RRRCC type coil winder has been proposed. Kinematic analysis has been conducted. Design
steps of the variable input speed trajectory have been proposed, and the associated optimum
design approach has been presented. A design example has been given for illustration, and its
optimization and kinematic simulation have been conducted by utilizing ADAMS software. The
result has indicated that the proposed new design can effectively reduce the maximum and the
total of the acceleration at the nozzle tip. Therefore, the feasibility and effectiveness of the
proposed have been verified.
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