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Abstract; With the growing needs of prepreg tapes for the automated fiber placement (AFP), the deviation-rectif-

ying of prepreg in slitting process was investigated on a self-developed 16-tow prepreg slitting and winding ma-

chine. The process of slitting and rewinding of prepreg tape was introduced, and the reason of prepreg tape devia-

tion in slitting process was analyzed. In order to ensure the quality of the narrow prepreg slits, the application of

the fuzzy PID algorithm in a closed-loop control system was discussed. A fuzzy PID algorithm was designed by

combining fuzzy rules and PID controller. By applying it to precise deviation-rectifying control strategy. the auto-

matic control of rectification could be achieved with accuracy of 0. 1 mm, which satisfies the requirement of the

prepreg tape both in slitting quality and layup quality for AFP,
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0 Introduction

Automated fiber placement (AFP) technolo-
gy has become a heated research topic in the field
of composite materials. The related researches in-
clude equipment study, manufacturing process
study, and path planning and material study™?*,
etc. AFP employs narrow (3.18 mm, 6. 35 mm,
12. 7 mm in width) unidirectional pre-impregna-
ted fiber as raw materials, with a specific combi-
nation of tow forming prepreg with variable
width, which is placed onto the mold surface* .
It is a key technology of forming complex surface
(such as fuselage, blended wing body, inlet,
etc. ), with a wide range of application, high
molding efficiency and reliable part quality™.
The high quality, precision and reliability of AFP
enable its application in the manufacture of struc-
tural components of large aircraft, launch vehi-
cles and other types of aerospace vehicles in the

developed countries™®*,
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At present, the preparation methods of
prepreg used in AFP can be divided into two cate-
gories: Direct hot-melt method and slitting meth-
od. Direct hot-melt prepreg has lower efficiency,
lower resin content and difficulty in width con-
trol, making it only suitable for small batch pro-
duction for space grade prepreg. Slitting method
slits prepreg directly with high efficiency and high
precision, and it suits mass production, which is

main method for AFP prepreg tapes-.

The prin-
ciple of slitting mechanism is shown in Fig. 1.
AFP technology has high demands on the width
and edge quality of prepreg slits, which can seri-
ously affect the final fiber placement efficiency
and product performance. This requires high slit-
ting precision and quality of the slitting ma-
chines. Factors such as mechanical vibration and
unsteady tension in the slitting process can lead to
deviation of the prepreg, which affects the slitting

precision and quality. Most of the traditional de-

viation-rectifying controllers use switch sensor,
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and its control method is applied to the traditional
PID control''"/, Traditional deviation-rectifying
controller needs more sensors installed to ensure
high rectification accuracy, and the PID control
method has high precision, while the system has
larger overshoot and overshoot time. In order to
improve the slitting precision and meet the
process requirements of prepreg, we propose a
self-developed photoelectric deviation-rectifying
control system based on fuzzy control algorithm,
which can eventually realize the automatic rectifi-

cation in the process of slitting*"*!,

Correcting . )
photoelectric Recel;nng Flattening roll Round
sensor, [ tabley ‘ Flat cutter
T O ©p
Press Re-
Prepreg roll winding

Flattening roll

Stripping shaft
solation paper

. Material recovery shaft
Discharge reel

Fig. 1 Principle of slitting mechanism

1 Influence of Prepreg Tape Devia-
tion on Slitting Quality

Due to the viscosity of prepreg, fiber residue
and resin tend to stick on the blade, which will be
detrimental to the quality of prepreg tows. As the
prepreg is highly anisotropic, it is easy to be slit
in the longitudinal direction but likely to crack in
the transverse direction. The traditional slitting
method without deviation control is unable to en-
sure the precision of tows.

Slitting method mainly contains three steps:
unwinding, slitting, rewinding. In the slitting
process for wide prepreg tapes, deviation often
occurs, resulting in width change of the slit
prepreg and material scrap. The width deviation
of narrow prepreg tapes should be controlled
within 0. 1 mm after the slitting process., in order
to meet the requirements of AFP. The so-called
deviation refers to the non-straight movement of
prepreg tape, where its centerline deviates away
from the reference centerline, during slitting
right after unwinding.

The wide prepreg is divided into 16 prepreg

tapes by a circular cutter and is rewound by 16
groups of rewinding units, respectively. If the
tensions on the 16 prepreg are not uniform,
prepreg offset and significant separation will oc-
cur, resulting in uneven width of the prepreg
taps. There are many reasons for prepreg tape
deviation, such as the imperfect processed roller,
installation inaccuracy, tension instability, irreg-
ular width and stretching of raw prepreg material
and machine vibration. Prepreg tape cannot be
slit with clear and precise borderline in the case of

position deviation.

2 Construction of Automatic Devia-
tion-Rectifying Control System

The self-developed photoelectric automatic
deviation-rectifying control system is shown in
Fig. 2. The photoelectric sensor collects the posi-
tion of the prepreg tape and feeds it back to the
PLC controller. After fuzzy PID operation, pul-
ses are sent to the driver to drive the stepper mo-
tor screw mechanism, controlling the movement
of releasing roller and implementing rectification

function.

Photoelectric
sensor

PLC

N

Q)
’IDriverH MotorH Screw|

Fig. 2 Deviation-rectifying control system

The sensor is a U-shaped opposite-type pho-
toelectric sensor with the analog voltage output,
whose detection accuracy is up to 0. 01 mm. The
edge of the tape passes through the sensor, and
the principle is shown in Fig. 3.

When there is no obstruction between the
lens, the prepreg is completely out of the sensor.
At this time, the power value of received light is
P. Within a certain emission circuit, P is a con-

stant value. The power received by the receiver is
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Fig. 3 Principle of photoelectric detection

P, = P/2 (half of the light flux), when the
prepreg is in normal position (Prepreg edge is lo-
cated on the centerline of the lens). Therefore,
an offset value of r can produce a unique output
voltage value.

By experiment, the output voltage can be
measured when the tape in Fig. 3 is moving from
left to right, and its relationship is shown in
Fig. 4.
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Fig. 4 Output voltage linearity of photoelectric sensor

3 Automatic Deviation-Rectifying

Control Scheme

The actual model of rectification system has
many influencing factors and many variables
which need to be compensated. Its construction
parameter is not very clear, and it is a non-linear,
time-varying and lagging system. A controller is

required for good self-adaptation, which can auto-

matically adjust the controlling parameters. By
using a experience and knowledge based fuzzy PID
control system, the mathematical model is object
independent. It has some other advantages as
well, for example, it overcomes the adverse
effects to system performance, which are brought
by the uncertainties of AC speed control system.

The fuzzy self-adaptive PID control system
can detect and analyze the uncertain conditions,
parameters, delay and interference in the control
process. The on-the-fly self-tuning of PID param-
eters— Kp., K; and K, can be achieved by fuzzy
reasoning. It is more advanced control system,
which not only remains the simple principle, easi-
ness and robustness of traditional PID control
system, but also has better flexibility, adaptabili-
ty and control precision.

In this paper, fuzzy PID control algorithm
output linguistic variables are Kp, K; and K, af-
ter clarification by fuzzy control rules. And the
input linguistic variable is the deviation of conver-
ted digital value from input voltage in photoelec-

tric sensor after fuzzification, as shown in Fig. 5.
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Fig.5 Fuzzy PID control diagram

3.1 Fuzzy PID control scheme

3.1.1 Fuzzification of deviation, deviation
change and output value

The inputs of the fuzzy controller are mainly
measured. First of all, they need to be scale-con-
verted to the values in discrete domains. This is
actually a conversion of a domain of discourse into
a certain number of small segments, which is
quantifying each segment with a specific term, re-
sulting in the formation of a discrete domain. Af-
ter scaling, fuzzy sets are defined by assigning de-
gree of membership to each specific term in the

new discrete domain. In this example, the abso-
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lute deviation value | E| and the deviation chan-
ging rate |EC| are considered as input linguistic
variables. Each linguistic variable takes three lin-
guistic values: big (B), medium (M) and small
(S), whose membership functions are selected as

[14]

triangle functions'", as shown in Figs. 6, 7.
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Fig. 6 Membership functions of deviation |E|
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Fig. 7 Membership functions of deviation changing

rate | EC|

Among them, the degree of membership p
can be adjusted according to the actual situation of
different turning points | E, |, | E, |, | E; |,
|EC,|, |EC,| and |EC,].

bership function, numeric variables | E | and

By defining the mem-

|EC| could be classified as “big medium or
small”. In this example, the receiving end of the
photoelectric sensor is a circle with a diameter of
15 mm. The detected analog voltage through the
A/D module is converted into a digital value with
resolution of 6 000. According to the experimen-
tal results, the relationship between digital value
and deviation is shown in Fig. 8.

From Fig. 7, it can be seen that when the
distance is over 3.55 mm, the tape is located in

the edge area of the sensor, or has been off the
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Fig. 8 Relationship between the number and the devi-

ation

sensor, while the received digital variation range
is very small. When the deviation is between
1.70 mm and 3. 55 mm, the change of received
digital value is very large. When the deviation is
within 1. 70 mm, the change of the received digit-
al quantity tends to be moderate.

From the above analysis, | E, | is set as
0.15 mm, | E, |
3.55 mm. In this example, an OMRON PLC
type CP1H- XA is selected as the processor, the

as 1.70 mm, and |E,| as

program scan cycle is set as 100 millisecond, and
the sampling period is also set to 0.1 s as well. In
addition, |EC,| , |EC,| and | EC, | are set as
30, 75, and 150, respectively.

Similarly, the required PID parameter values
can be sorted out for different states by conven-
tional method and fuzzification. And the member-
ship functions are shown in Fig. 9.

Degree of membership can be set by adjus-
ting different turning points of the value—Kp, ,
Ky, » Kyyy Ky and Ky s Ky » according to the ac-
tual situation. In this example, Kp,» Kp, are set
to 0.5 and 1. 5, respectively; K;, Ky, to 0. 12
and 0. 18, respectively; and Ky, » Ky, to 0. 18 and
1, respectively.

3.1.2 Determination of fuzzy control rules

The setting of PID parameters must take into
account the role of the three parameters at differ-
ent stages and the relationship between them.
From the traditional experience, it is known that

the requirement of the parameters in the control
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Fig. 9 Membership functions of Ky, K;, K
process is as follows %,

When the deviation | E| is large, larger Kp
and smaller K should be taken for better fast-
tracking performance of the system. At the same
time, in order to avoid system response to a large
overshoot, the integral action should be limited,
and usually set as K;=0.

When the deviation | E| is in normal range,
Kp should be set to small value, for system re-
sponse to smaller overshoot. And in this case,
the value of K; and K, should be moderate, so as
to ensure the system responding speed. And the
value of K|, has a greater influence on the system
response.

When the deviation |E| is small, Kp and K,
should be larger, for better system stability. At
the same time, to avoid the oscillation of the sys-

tem around the setting value, and for the anti-

inter-ference performance of the system, when

|EC| is small, the K, value should be large, and

usually taken as medium value; when | EC| is
large, K|, should be small.
According to the above rules, the fuzzy con-

trol rules are set as shown in Tables 1—3.

Table 1 K, fuzzy control rules
|EC|
[E|
S M B
S B M B
B M B
B B S M
Table 2 K, fuzzy control rules
|EC|
|E]
S M B
S B S S
B S S
B M S S
Table 3 K, fuzzy control rules
|EC|
[E|
S M B
S B S S
B S S
B M S S

3.1.3 Fuzzy reasoning and clarification (defuzzi-
fication)

According to Eq. (1), the weighted average
method (gravity center method) is used to calcu-
late the product of the elements, their degrees of
membership and the ratio of the elements for each
state. That is, the fuzzy output of each state
should be clarified™'®.

n

D (KD Ko
Kp =" (D

DK

i=1
where j can be small “S”, medium “M” and big
“B”, in the three states. According to the mem-
bership function of Ky and the equation, Kp value

for each state can be obtained
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_O0X140.1X0.840.2X0.64+0.3X0.440.4X0.240.5X0__

0.13

KPS*

1+0.8+0.64+0.4+0.2+0

_0X040.3X0.640.5X140.5X140.75X0.754+1X0.54+1.25X0.25+1.5X0 _

M 0+0.6+1-+10.754+0.5+0.25+0
0.5X040.75X0.254+1x0.54+1.25X0.75+1.5x1

Ky =

1. 18

1. 25

According to the aforementioned fuzzy rules,
input deviation | E | and deviation change rate
| EC| can be obtained by inference corresponding
to the output. Firstly, the membership degree of
the corresponding output is obtained, for exam-
ple, when both input variables |E| and | EC| be-
long to categary “S”, according to fuzzy reason-
ing algorithm, output Kp will belong to “B”. And
the corresponding membership degree is

w(Kop) = pus(| E ) N pusC| EC )
where the operator “ A ” takes the minimum value
of both of the corresponding values, namely
p(Kpp) =min{pus | E |, ps | EC |}

In this case, obtained is the membership de-
gree of output K, adjusted according to fuzzy
rule, under different |E| and | EC| variables. A
numerical example to validate the fuzzy rule is
given as follows: |E| is assumed as 1.5 mm and
| EC| as 40. Then, the membership degree of
|E| is0.13 at “ S” state , 0. 88 at “ M ” state and 0

04+0.25+0.5+0.75+1

at “B” state according to Fig.5. And the mem-
bership degree of |EC| is 0. 8 at “S” state, 0. 2 at
“M” state, 0 at “B” state. According to Table 1,
it can be known that there are nine kinds of out-
put states, respectively
= p(Kpp) = ps(| E ) N ps(| EC [) =0.13
pr =p(Kpp) =puu (| E[) A pus(| EC |)=0.8
ps =p(Kpp) =pp (| E D N\ us(| EC [) =0
i =pu(Kpn) =pus(| E 1) A uu(| EC |)=0.13
s =pu(Kew) =puu (| E[) A uu(| EC |)=0.2
e =p(Kps) =pp(| E[) A pun(| EC [) =0
pr =p(Kpp) =pus (| E[D) A us(] EC[) =0
ps =p(Kpp) =pa ([ E[) A pp(| EC [)=0
s =pu(Kpn) =p (| E D A (| EC |[) =0
According to Eq. (2), the weighted average
of these states can be calculated by the corre-

sponding P, I, D parameter values
9
DIl E |, | EC ) XKy
—

K,=" (2)
D W El.|ECD
i 1

Kp

1.23

One can know that when the deviation is
1.5 mm and the variation rate of deviation is 40,
the output Kp is 1. 23, following the fuzzy control
rule.

Similarly, PID parameters Ky, K;, K, ob-
tained by fuzzy reasoning, can be transferred di-
rectly into the PID instruction of PLC and the
output control u can be calculated according to the

following equation
u(n) =Ko E(n) + K, D E(m) + K, [E(n) —E(n—
D]

3.2 Output control scheme

The drive system employs a stepper motor to

drive the screw movement, with a controller of

_ 0. 13X 1.254+0.8X1.204+0X1.254+0.13X1.184+0.2X 1.18+0X0.134+0X1.25+0X1.25+0X1.18 _
0.134+0.8+04+0.134+0.24+04+0+0+0

OMRON CP1H-XA PLC. For the photoelectric
sensor voltage signal reading, input analog range
is 0—10 V, and A/D resolution is set to 6 000,
For stepper motor control, “pulse + direction”
mode is used, and the independent mode is ap-

plied for motor control.

4 Experimental Results

In this case, the deviation-rectifying device is
mounted on the unwinding roller and the devia-
tion-rectifying takes place before slitting. Since a
set of circular blades are fixed, the widths of
prepreg tape between each two blades remain con-

stant. Therefore, first of all, the deviation-rectif-
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ying should be turn on to slit at a speed of
16 m/min, after the centerline is aligned, as
shown in Fig. 10. Large width of the remaining
material will affect the measurement. Therefore,
a scrap strip of prepreg at the edge is selected as a
research object. Measured at 10 s interval, the
width variation is studied, comparing with the
scrap strip of prepreg after slitting without the
rectifying device. And the rectifying effect is
characterized according to the straightness of
prepreg. Wide prepreg tape slitting experiment is
shown as Fig. 11.

Edge of wide
prepreg tape

Cutter location xS wask

Prepreg narrow-band after splicing

Wide prepreg tape

Repy. -
Majng,
cr Wing;,
ing

Fig. 10  Slitting process of wide prepreg tape

Fig. 11

Wide prepreg tape slitting

The relationship between the width of edge
scrap strip at the rear edge and the slitting time
with installation of rectifying device is shown in
Fig. 12. The relationship between the width of
edge scrap strip at the rear edge and the slitting
time with isolation of rectifying device is shown in
Fig. 13.

As can be seen from Fig. 12, although the
centerline is aligned before slitting, prepreg tape
deviation occurs at the beginning stage, due to ro-
tation of the slitting roller axis, machine vibra-

tion, inconsistencies of uncut prepreg tape width

6.0
5.8+
56
54t
52t
50f

U
461
441
42t
40t
38}
36f L

0 20 40 60 80 100 120 140 160 180 200
t/s

Width / mm

Fig. 12 Results of the post deviation

5.0
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4.0
35¢
3.0
251
201
15F
1.0
0.5
0.0

Width / mm

0 20 40 60 80 100 120 140 160 180 200
t/s
Fig. 13 Results of separation of the isolated deviation-

rectifying device

and other reasons. The width deviation of the
edge scrap strip prepreg tends to be stable after
30 s, and maintains at the vicinity of 4. 76 mm.
As can be seen from Fig. 13, the width of the
edge scrap deviated drastically after 20 s with iso-
lation of the rectifying device. During the period
of measuring, the width is not stable and deviates
largely. This results in unexpected inconsistency
of tape width, which has negative impact on the

next subsequent slitting process.

5 Conclusions

(1) The slitting technology of prepreg nar-

row tapes for the AFP is discussed. Reasons of
prepreg tape deviation in slitting process is ana-
lyzed, automatic deviation control system is set
up for better precision.

(2) A self-developed carbon fiber prepreg

slitting-winding machine is integrated with photo-
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electric rectifying control system. Unlike the tra-
ditional rectification control, fuzzy PID control al-
gorithm is applied to the rectifying control of
prepreg slitting-winding machine, achieving a
good rectification effect. Deviation-rectifying ac-

curacy reaches 0.1 mm.
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