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ABSTRACT Tension is a key processing parameter in the process of composite fiber tape winding. The
fluctuation of tension will affect the accuracy of winding and the performance of winding products, such
as stress uniformity, fatigue resistance, strength, compactness and resin content. In view of the winding
tension is time-varying and the application of tension needs to be more accurate, a tension calculation model
is established. Due to the influence of dynamic performance of tension control system by cogging torque,
inverter dead zone, ring gear clearance, friction torque, parameter drift, and measurement noise, an adaptive
sliding mode control (ASMC) based on extended state observer (ESO) is proposed. The stability of the
closed-loop system is proven by Lyapunov theory, the system state variables is estimated by ESO, and the
input dead-zone is compensated by the designed adaptive law. Simulation and experimental results show
that ESO-based ASMC improves the robustness and dynamic response performance of the tension control
system, and can effectively suppress the chattering of the sliding mode control system. The void content and
residual stress of composite products have been improved obviously.

INDEX TERMS Composites tape winding, dynamics modeling, ESO, ASMC, tension control.

I. INTRODUCTION
Due to the rapid development of military and civil indus-
tries, especially advanced technologies such as aerospace
and aviation, some materials with superior performance are
needed. The traditional single material is difficult to meet the
demand in strength, toughness, weight and stability. Compos-
ite materials can make up for many defects of metal materials
in performance [1]–[5]. Composite winding products have
been widely used in missile shell, rocket booster nozzle and
pressure vessel. Winding forming is a common method in
composite material forming process, and winding tension is
an important parameter in composite material winding form-
ing. Improper selection or control of tension during forming
will lead to the lateral deviation and overhead of fiber belt on
the forming surface, which will seriously affect the product
quality [6]–[9].
The precise tension control system of filament winding

is a nonlinear system with disturbance. It is difficult to
realize the precise tension control by using the traditional
control strategy. At present, researchers pay more and more
attention to the research of winding tension, especially in
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FIGURE 1. Cross section of winding products.

the control strategy of winding tension. In literature [10],
a robust control algorithm based on disturbance observer
for tension control system of cylinder winding equipment is
proposed. The signal processing method based on vibration
controller and observation sensor is designed to suppress
the noise signal of the sensor. In literature [11], an wind-
ing tension model is established, and the fuzzy neural net-
work PID controller is used to adjust the winding speed in
real time. Because in the process of producing film under
constant tension, the product is prone to wrinkle and end-
face unevenness. In literature [12], a nonlinear time-varying
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FIGURE 2. Tension control process.

FIGURE 3. The process of tension produced by torque motor.

FIGURE 4. Dead-zone function.

FIGURE 5. Block diagram of the controller.

two-input and two-output model of the composite prepreg
transport systemwas established based on the automated tape
head. The synergetic decoupling control of transport speed
and tension was performed combining with PI (proportional-
integral) and diagonal matrix decoupling control algorithm.
In literature [13], a closed-loop control method of tensionless
sensor with adaptive PI parameters is proposed. During the
winding process, the measurement of tension by the ten-
sion sensor causes a measurement delay. A tension observer
is designed to replace the tension sensor, and the tension
observed value is used as feedback to realize the closed-loop
control of the winding system. In literature [14], for multi-
parameter winding control system, a sliding mode feedback

FIGURE 6. Step response of traditional PID (simulation).

linearization control algorithm is designed. In the case of
coupling of winding tension and speed, the accuracy and
stability of the control system are reduced, and the uncertainty
of the system is increased. An ideal feedback linearisation
control algorithm is used to decouple the tension and speed,
which is composed of sliding mode speed controller and
slidingmode tension controller. In literature [15], the winding
equipment of three-motor is composed of several control
subsystems, which interfere with each other. A decentralized
coordinated control algorithm is designed to reduce the inter-
ferences between subsystems. The observer is designed to
replace the tension sensor according to the control system
dynamics, core radius and rotation inertia. In literature [16],
an observer based feedback control method is proposed to
reduce the increase of tension. The angular velocity is used to
calculate the roll inertia. It is proved that when the system is
started, the tension increases due to the influence of winding
inertia. In literature [17], an H∞ robust control strategy is
proposed to solve the coupling of line tension and speed.
Because The interference from the interference source in the
velocity will be transmitted to the tension in the winding
process. In literature [18], according to the characteristics of
filament tape winding process, the mathematical model of
discontinuous winding and variable tension control system
is established, and the adaptive controller is designed on the
basis of classical PID control and fuzzy control. The results
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FIGURE 7. Step response of SMC with sgn(s) (simulation).

show that the mathematical model has good reliability. The
control method can be realized in the winding process and
can ensure the tight adhesion of the fiber tape.

Due to the nonlinearity, poor parameter regulation and
strong disturbance of the system, it is difficult for PID con-
troller to achieve ideal control effect [19]–[22]. Sliding mode
control has strong robustness and good control effect on
nonlinear system. However, the high frequency buffeting of
sliding mode control affects the system structure, damages
the sensors and excites the unmodeled dynamics of the sys-
tem [23]–[27]. Approach law and boundary layer method
are used to reduce chattering, but the control accuracy is
reduced [28]–[30]. In recent years, many scholars applies
intelligent control technology to engineering practice. In liter-
ature [31], an adaptive linear neuron neural network is intro-
duced into the traditional sliding mode observer, which has
good performance. In order to reduce chattering in real time,
an adaptive fuzzy logic is designed to Approach the param-
eters of the sliding mode controller [32]. In literature [33],
combining internal model control and inverse system method
is proposed, which can effectively improve the dynamic
performance and control accuracy of bearingless permanent
magnet synchronous motor. In literature [34], a speed obser-
vation based on artificial neural network inverse method is
proposed, which can reduce the influence of speed detection
on the accuracy and stability of bearingless induction motor

FIGURE 8. Step response of SMC with sat(s) (δ = 0.02) (simulation).

system. In literature [35], in order to improve the driving
capability of permanent magnet synchronous wheel motor,
combining the state feedback control method and the gray
wolf optimization algorithm is proposed.

In this paper, the ESO-based SMC is used to improve the
control accuracy of the tension control system of the winding
equipment. Due to SMC algorithm has many advantages,
such as no need for on-line system identification, insensitivity
to parameter changes and disturbances, rapid response, easily
applied to engineering, which is widely used in motor servo
control system. The output variables of the control system
is observed by ESO, and meanwhile, derivation of output
variables is used to design sliding mode control law; finally,
the parameter model of the input dead-zone is estimated by
the designed adaptive law. The simulation and experiment
show that the designed algorithm is reliable and effective, and
winding products are also more superior in performance.

II. MATHEMATICAL MODEL OF TENSION CALCULATION
The cross-section of a single toroidal winding product is
shown in Fig. 1. The winding is carried out on the core
mould continuously, and the thickness of each individual
winding layer is very small compared with the thickness
of the product. Micro-body can be regarded as Orthotropic
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FIGURE 9. Step response of SMC with sat(s) (δ = 0.05) (simulation).

Bodies, which is a essentially plane problem and can be
solved by elastic theory.

From the equilibrium relation of the radial micro-body
in Fig.1, the static equilibrium equation can be obtained as
shown in (1).

(σr+dσr) (R+dR) dθ−σrRdθ − 2σθdR sin
dθ
2
=0 (1)

Higher order infinitesimal terms can be omitted, thus
eq.1can be simplified into (2).

R
dσr
dR
+ σr − σθ = 0 (2)

Boundary conditions of micro-body can be expressed as
follows: 

σr(Rd,Rd) = 0
σr(Rd,Rb) = −q(Rd)
σθ (Rd,Rd) = T (Rd)
u(Rd,Rd) = 0

(3)

where T is winding tension, R is the analyzed micro-body
radius, θ is circumferential angle of micro-body. When the
outer fiber tape is winding to the radius Rd, the pressure
acting on the surface of the core mould is expressed as q(Rd),
u(Rd,Rd) is radial displacement, σr(Rd,Rd) is radial stress
and σθ (Rd,Rd) is circumferential stress.

FIGURE 10. Step response of ASMC (simulation).

When the thickness of winding layer is1Rd, the stress and
displacement can be rewritten as follows.

σr(Rd,R) = σr(Rd,R)+1σr(Rd,R)
σθ (Rd,R) = σθ (Rd,R)+1σθ (Rd,R)
u(Rd,R) = u(Rd,R)+1u(Rd,R)

(4)

The boundary conditions can be expressed as follows: σr(Rd,Rd) = 1σr(Rd,Rd) =
T (Rd)1Rd

Rd
σr(Rd,Rb) = σr(Rd,Rb)+1σr(Rd,Rb) = −q−1q

(5)

By substituting (4) into (2), a new equilibrium equation is
obtained as follows:

R
d1σr
dR
+1σr −1σθ = 0 (6)

The generalized Hooke’s law expressed by displacement
can be described as (7).

1σr =
ErG2

G2 − ErEθ

(
d1u
dR
+
Er
G
1u
R

)
1σθ =

ErG2

G2 − ErEθ

(
1u
R
+
Er
G
d1u
dR

)
G =

Eθ
µθ
=

Er
µrθ

(7)
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Substitute (7) into (6), then
R2

d21u
dR2

+ R
d1u
dR
− n21u = 0

n =

√
Eθ
Er
;

(8)

The solution of (8) can be expressed as follows:

1u = g1Rn + g2R−n (9)

The following boundary conditions can be obtained.

R = Rb
1σR(Rd,Rb) = −1q(Rd)
R = Rd

1σR(Rd,Rd) = −
T (Rd)1Rd

Rd

(10)

Substitute (10) into (7), then

1u =
G2
− ErEθ

ErG2(R2nd − R
2n
b )

×


Rn+1b 1q− T (Rd)Rnd1q

X − N
Rn+

R2nb R
n
d(RbR

n
d1q− R

n
bT (Rd)1q)

Y + X
R−n


N =

Eθ
Em(R2b − R

2
c)

[
(1− µm)R2b + (1+ µm)R2c

]
;

Y = n−
Eθ
G
− N ;

X = n+
Eθ
G
+ N

(11)

whereE is the elastic modulus of the product,µ is the poisson
coefficient of the product, and m is the core mould.

Based on the thick wall theory in mechanics of materials,
the radial displacement and stress of core mould can be
expressed as (12).

um(Rd,R) =
R2bq(Rd)

Em(R2b − R
2
c)

[
(1− um)R+ (1+ um)

R2c
R

]
σm
r (Rd,R) =

R2bq(Rd)

(R2b − R
2
c)

[
1−

R2c
R

]

σm
θ (Rd,R) =

R2bq(Rd)

(R2b − R
2
c)

[
1+

R2c
R

]
(12)

The displacement continuity condition at boundaryR = Rb
can be expressed as follows:

1u(Rd,Rb) = 1um(Rd,Rb) = −
RbN
Er

1q(Rd) (13)

(14) can be derived from (11) and (13).

1q =
2nT (Rd)RndR

n−1
b

XR2nd + YR
2n
b

(14)

Substitute (14) into (11), then

1u =
RnbRdT (Rd)

Eθ (XR2nd + YR
2n
d )

×

[
Y (X − N )(

Rb
R
)n − X (Y + X )(

R
Rb

)n
]

(15)

When the final radius of the winding product is Rd = LR,
Q is the total pressure on the core mould surface that can be
calculated by (16).

Q =
Rd=LR∑
Rd=Rb

1q(Rd) = 2nRn−1b

LR∫
Rb

RndT (Rd)dRd
XR2nd + YR

2n
b

= 2nRn−1b g(Rb)

g(R) =

LR∫
R

RndT (Rd)dRd
XR2nd + YR

2n
b

(R ≤ Rd ≤ LR)

(16)

When Rd = LR, the radial displacement and stress at R can
be rewritten as follows:

u(LR,R) =
[
Y (X − N )(

Rb
R
)−Y (Y + X )(

R
Rb

)
]
Rnb
Eθ
g(R)

σr(LR,R)=−
[
Y (
Rb
R
)−X (

R
Rb

)n−1
]
Rn−1b g(R)

σθ (LR,R)=T (R)+
[
Y (
Rb
R
)−X (

R
Rb

)n−1
]
nRn−1b g(R)

(17)

The radial displacement and stress of the core mould can
be expressed as follows.

um(LR,R) = −
2nRn+1b g(Rb)

Em(Rb − Rc)[
(1− um)R+ (1+ um)

] Rc
R

σm
r (LR,R) = −

2nRn+1b g(Rb)

(Rb − Rc)
(1−

R2c
R2

)

σm
θ (LR,R) = −

2nRn+1b g(Rb)

(Rb − Rc)
(1+

R2c
R2

)

(18)

The tension of whole thick-walled is T (LR) as shown
in (19).

σr(LR,R)=−q(R) = −
LR − R
R

σθ (LR,R)=−
LR−R
R

T (LR)

(19)

Substitute (19) into (17), then

g(R) =
LR − R
R

T (LR)[
Y (RbR )n+1 + X ( RRb )

n−1
]
Rn−1b

(20)

According to (21), the required tension of each layer can
be calculated.

T (R) =

[
1+ n(

LR − R
R

)(
X
Y (

R
Rb
)2n − 1

X
Y (

R
Rb
)2n + 1

)

]
T (LR) (21)
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FIGURE 11. Sin response of PID (simulation).

III. NONLINEAR DYNAMICS MODEL OF TENSION
CONTROL SYSTEM
The tension control process is shown in Fig.2, and the tension
is controlled by detecting and controlling the torque of the
torquemotor. Because of the complexity of fiber tapewinding
motion and the time-varying of tension exerted, tension con-
trol system needs good dynamic performance. The speed of
the fiber tape is determined by the rotation speed of winding
machine spindle and the radius of the winding products. Due
to the constant speed of the core mould, the linear velocity of
the fiber tape is difficult to remain constant and the change
law of linear velocity is very complicated.

Consider the effect of velocity on tension, dynamic anal-
ysis of the tension control system is carried out, and the
moment equation of dynamic equilibrium is established as
follows:

M (t) = T0(t)RT +
JT
RT
×

dv(t)
dt

(22)

TR(t)− T0(t) =
JT
R2T
×

dv(t)
dt
+ fx (23)

where, M (t), JT, T0, TR, are motor torque, the rotational
inertia of the motor, tension produced by torque motor and
tension acting on the winding layer, respectively, fx is total
friction of mechanical structure, v is velocity of fiber tape,
and RT is radius of torque motor.

FIGURE 12. Step response of SMC with sgn(s) (simulation).

According to Fig.3, mathematical model of torque motor
can be established as follows [36], [37]:

M (t) =
K
[
Ua(t)− ωK1 − L

dIa(t)
dt

]
Ra

M (t) = KIa(t)
ε1 = −ωK1

ε2 = −L
dIa(t)
dt

Ia(t) =
[Ua(t)+ (ε2 + ε1)]

Ra

(24)

where, Ra, Ia, ε1, ε2, are Armature resistance, armature induc-
tance, back electromotive force of motor and induced electro-
motive force of motor, respectively, Ua is input voltage, K1 is
back EMF constant, and K is torque sensitivity. According to
the characteristics of torque motor, the output torque is highly
linear and directly proportional to the armature current.

Essentially, tension control system is a nonlinear dead-
zone system resulted from external interference and friction.
Assuming v = x1 , then the nonlinear differential equation
with dead-zone characteristic can be rewritten as follows:{

ẋ1 = x2
ẋ2 = f (x, t)+ d(t)+ B(t)w(u) = a(t)

(25)

where, x = [x1, x2]T ∈ R2, f (x, t) ∈ R,B(t) ∈ R , µ(t) ∈ R
are state vector, unknown nonlinear function, control gain and
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FIGURE 13. Step response of SMC with sat(s) (δ = 0.02) (simulation).

control input, respectively, |d(t)| < ρ(ρ > 0) is the external
disturbance, a(t) is continuously differ-entiable, and a(t) is
continuously differentiable.

According to Fig.4, w(u) ∈ R is the nonlinear function of
dead-zone which can be expressed as follows [38]:

w(u) =


mr (u− br ), u > br
0, bl ≤ u ≤ br
ml(u− bl), u < bl

(26)

where mr and ml are slopes of the dead-zone function, br , bl
are thresholds of the dead-zone.

IV. ESO-BASED ASMC
A. DESIGN OF THE ESO
The control block diagram of ESO-based ASMC is shown in
Fig.5. By adding a state variable x3 , (25) can be expre-ssed
as follows:


ẋ1 = x2
ẋ2 = x3 = a(t)
ẋ3 = ȧ(t)

(27)

FIGURE 14. Step response of SMC with sat(s) (δ = 0.05) (simulation).

Structure of the ESO with observation states x̂i(i = 1, 2, 3)
can be rewritten as follows [39]–[41]:

ẋ1 = x̂2 − k1(x̂1 − x1)
ẋ2 = x̂3 − k2(x̂1 − x1)
ẋ3 = −k3(x̂1 − x1)

(28)

where ki is the constant.
Define the state errors as 1xi = x̂i, xi , and (29) can be

obtained by (28) minus (27).

1ẋ = A1x+ e

1ẋ =
[
1x1 1x2 1x3

]T
A =

−k1 1 0
−k2 0 1
−k3 0 0


e =

[
0 0 −ȧ(t)

]T
(29)

The characteristic equation of matrix A can be expressed
as follows:

s3 + k1s2 + k2s+ k3 = 0 (30)

By selecting the appropriate ki based on the pole assign-
ment method, the observed state variables are guaranteed to
asymptotic tracking the actual values. The dynamic behave-
ior of closed-loop system is mainly determined by poles.

VOLUME 8, 2020 102801
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FIGURE 15. Sin response of ASMC (simulation).

The parameter matrix determined by trial and error method
has a certain blindness. Based on the state variable feed-
back controller, hyperplane parameter design based on pole
assignment is proposed. Pole assignment is to change the pole
distribution through the selection of feedback matrix so that
the system tends to be stable.

B. DESIG OF THE ASMC{
xd = [xd, 0]T

e = x− xd = [x1, x2]T − [xd, 0]T = [e1, e2]T
(31)

where xd = 0 is signal, and e is system control error.
Select the following sliding mode surface:

s = e2 + c1e1 = x2 + c1(x1 − xd) (32)

The following can be obtained from (25):

ẋ2= f +d+Bw = f + d + (B0 +1B)w = f + d1 + B0w

(33)

where B0 is the control gain, 1B is the variation of control
gain, (1B) is the disturbance.

According to (29), (32) can be rewritten as follows:

s =
(
x̂ −1x2

)
+ c1

(
x̂1 −1x1 − xd

)
= x̂2 + c1(x̂1 − xd)−1x2 − c11x1
= ŝ−1x2 − c11x1 (34)

FIGURE 16. Step response of traditional PID (experiment).

where

˙̂s= ˙̂x2+c1 ˙̂x1=1ẋ2 + ẋ2 + c1 ˙̂x=1ẋ2+f +d1+B0+c1 ˙̂x1.

(35)

Assuming ˙̂s = 0,1ẋ2 = 0, then the equivalent control can
be expressed as follows.

weq = B−10 (−f − d1 − c1 ˙̂x1) (36)

The switching control can be written as follows:

wsw = −kdŝ− ksat(ŝ/ε) (37)

where, ε > 0, η2 ≤ kdε + k , and η2 > 0.
And the system control input can be expressed as follows:

wd = weq + wsw (38)

where, wd ≈ w, and w is the actual control input.
Suppose

˙̂wd = −δŵd + δwd (39)

where δ > 0 and lim
t→∞

ŵd = w.
According to (29) and (33), (38) can be rewritten as fol-

lows:

wd = B−10 (−˙̂x2 + B0ŵd − c1 ˙̂x)− kdŝ− ksat(ŝ/ε) (40)

102802 VOLUME 8, 2020
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FIGURE 17. Step response of SMC with sgn(s) (experiment).

C. DEAD-ZONE COMPENSATION
Suppose the compensation input of dead-zone is as
follows [42]:

u =


m−1r (wd + m̂r b̂r ), e1 < −ed
0, |e1| ≤ ed
m̂−1l (wd + m̂l b̂l), e1 > ed

(41)

where ed is the desired steady state error.
Define N[nr , n1],M = [mr ,m1]T, θ = [mrbr ,mlbl]T,

and

nr

{
1, (e1 < ed)
0, (e1 ≥ −ed)

nl

{
1, (e1 < ed)
0, (e1 ≥ −ed)

Define φ = [mr/mr,ml/ml]T = [1, 1]T , and its estimated
value is φ̂[mr/m̂r,ml/m̂l]T , where estimation errors of θ and
φ are θ̃ = θ̂ − θ and φ̃ = φ̂− φ, respectively, θ̂ and φ̂ can be
obtained from the following adaptive law:

˙̂
θ =
˙̃
θ = −aNT sε

˙̂
φ =
˙̃
φ = −βNTHsε

H = wd + N θ̂
sε = ŝ− ε · sat

(
ŝ
/
ε
) (42)

where α and β are change rates of the adaptation.

FIGURE 18. Step response of SMC with sat(s) (δ = 0.02) (experiment).

According to |Ŝ| ≤ ε, Sε, and (41) can be rewritten as
follows:

u =
(
NM̂

)−1 (
wd + N θ̂

)
(43)

where M̂ can be obtained from the adaptation of

m̂j(j = r, l).

m̂j,n+1 = φ̂j,nm̂j,n (44)

where n is the number of updates.
According to (43), then

w = NMu− Nθ = (NM)(NM̂)−1(wd + N θ̂ )− Nθ (45)

Substitute (45) into (35), then

˙̂s = 1ẋ2 + f + d1 + B0

 (NM)(NM̂)−1

(wd + N θ̂ )
−Nθ

+ c1 ˙̂x1
= 1ẋ2 + f + d1 + B0

×


(
1+ N φ̃

)

B−10 (−˙̂x2+
B0ŵd − c1 ˙̂x)
−kdŝ
−ksat(ŝ/ε)
+N θ̂

− Nθ
+ c1 ˙̂x1

= 1ẋ2 + f + d1 − ˙̂x2 + B0ŵd − c1 ˙̂x − B0kdŝ

−B0ksat(ŝ/ε)
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FIGURE 19. Step response of SMC with sat(s) (δ = 0.05) (experiment).

+B0N θ̂ − B0Nθ + c1 ˙̂x1 + B0N φ̃
(
wd + N θ̂

)
= 1ẋ2 + f + d1 − ˙̂x2 + B0ŵd − c1 ˙̂x − B0kdŝ

−B0ksat(ŝ/ε)

+B0N θ̂ + B0N φ̃H

= B0
[
ŵd − w− kdŝ−ksat(ŝ/ε)+N θ̂ + N φ̃H

]
(46)

The state variables of the system can asymptotically track
the desired signals by the action of the sliding surface ŝ
and the control law, which can be proved by Lyapunov
function.

V =
1
2

[
1
B0
s2ε +

1
a
θ̃T θ̃ +

1
β
φ̃T φ̃

]
(47)

V̇ =
1
B0
sε ˙̂s+

1
a
˙̃
θT θ̃ +

1
β

˙̃
φT φ̃ (48)

When |ŝ| < ε, sε = 0, V̇ = 0 can be obtained from (42).
Next, we should prove that V̇ ≤ 0 is founded, when |ŝ| ≥ ε.

Substitute (46) into (48), then

V̇ =
[
ŵd − w− kdŝ− ksat(ŝ/ε)+ N θ̂ + N φ̃H

]
+
1
a
˙̃
θTθ̃ +

1
β

˙̃
φTφ̃ (49)

Substitute (42) into (49), then

V̇ =
[
ŵd − w− kdŝ− ksat(ŝ/ε)

]
≤ η2 |sε| − kdŝ2 − kdε |sε| − k |sε| (50)

FIGURE 20. Step response of ASMC (experiment).

By selecting the sufficiently large parameters kd and
k, η2 ≤ kdε + k can be founded. Thus

V̇ ≤ −kds2ε ≤ 0 (51)

Subsequently, when t → ∞, sε(t) → 0 . Due to sε =
ŝ − ε.sat(ŝ/ε) , and ŝ = x̂2 + c1(x̂1 − x̂d), |ŝ| < ε and x̂
is bounded. According to the principle of ESO, x̂ → x̂2 and
x1 can asymptotically track the desired signal xd.

V. SIMULATION ANALYSES AND EXPERIMENTAL
VERIFICATIONS
A. SIMULATION ANALYSES
The mathematical model of tension control system is used as
the controlled object to verify the designed control algorithm.
A step signal (r1(t) = 600N) is used for positioning control
and a sinusoidal signal (r2(t) = 600sin(π t)N) is used for
tracking control.

An Advantech PCI-728 2-way isolated analog output card,
PCL-730 digital input and output card, PCI-1680U data
acquisition card are used for data output, conversion and
acquisition. As shown in Fig.27, the experiment is carried out
on XP-1 large-scale numerical control composite fabric tape
winding machine.

The simulation results of sine response and step response
are shown in Figs. 6-15. Figs. 6 and 11 are the simulation
results of the PID algorithm, the average control error of
the sinusoidal response and step response is 18.963N, which
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FIGURE 21. Sin response of PID (experiment).

is the largest error compared to other controllers. Figs. 7
and 12 show that the average control error of sgn algo-
rithm is 8.199N. Compared with PID algorithm, sgn algo-
rithm can reduce control error effectively. However, from
the perspective of control input, the sgn algorithm generates
high-frequency chattering, which affects the dynamic charac-
teristics of the system and motor safety. In order to reduce the
control input chattering, a SMC with sat(s) control algorithm
is proposed. The simulation results of sat(0.02) in Fig. 8
and 13 show that the average control error is 9.923N, which
effectively reduces chattering and increases the control error.
Compared with sgn, sat(0.02) reduces chattering at the cost of
sacrificing control error. The simulation results of sat(0.05)
in Figs. 9 and 14 show that the average control error is
11.912N. Compared with the simulation results of sat(0.02),
the control error is larger and the chattering is smaller. For the
sat(s) control algorithm, the simulation results show that the
thicker the boundary layer, the larger the control error and
the smaller the control input chattering. Figs. 10 and 15
show that the average control error is 4.056N. Compared
PID, sgn, sat(0.02) and sat(0.05), control error of the design
ESO-based ASMC is reduced by 78.6%, 50.5%, 59.1% and
65.9%, respectively.

B. EXPERIMENTAL VERIFICATIONS
The experiment uses C++ to write control program and
IPC-620-L as controller carrier. The designed algorithm

FIGURE 22. Sin response of SMC with sgn(s) (experiment).

TABLE 1. Performance comparison of different control algorithms
(simulation).

TABLE 2. Performance comparison of different control algorithms
(experiment).

control programs include analog and digital signal conv-
ersion, measuring function of pressure sensor and sampling.

The experimental results are shown in Figs.16-25, Figs.16
and 21 show that the average control error of PID exper-
imental results is 20.712N, Figs.17 and 22 show that the
average control error of sgn experimental results is 9.909N,
Figs.18 and 23 show that the average control error of sat(0.02)
experimental results is 12.041N, Figs.19 and 24 show that
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FIGURE 23. Sin response of SMC with sat(s) (δ = 0.02) (experiment).

the average control error of sat(0.05) experi-mental results is
15.005N, and Figs.20 and 25 show that the average control
error of ASMC experimental results is 4.755N. The com-
parison between the experimental results and the simulation
results shows the same trend. By comparing the data in
Tables.1-2 and analyzing the control error changes in Fig.26,
it can be shown that ASMC has obvious advantages over the
other four control algorithms. Compared with PID, SMCwith
sat (ϕ = 0.05), SMC with sat (ϕ = 0.02) and SMC with sgn,
the designed ASMC algorithm reduces the average control
errors of sinusoidal response and step response by 78%, 51%,
60% and 67%, respectively.

In order to further verify the feasibility and validity of
the ASMC algorithm. Different tension control strategies are
used in winding experiments, and the changes of void content
and residual stress are observed. Two different composite
prepreg tapes are applied to the experiment, the relevant
parameters of the prepreg is shown in Table 3. During the
winding process, the key process parameters that affect the
product performance are fabric tension, cylinder thrust, hot
air temperature and winding speed, which are set as 600N,
1000N, 80◦C and 16m/min, respectively. The curing process
has a great influence on the properties of the products. In this
experiment, the ambient temperature is (20±2)◦C, the curing
pressure is 0.2Mpa, the relative humidity is (25±2)%, and the
heating rate is 3◦C/min. rate is 3◦C/min.

FIGURE 24. Sin response of SMC with sat(s) (δ = 0.05) (experiment).

Voids in composite prepreg tape winding products are
defects that principally exist between tape layers due
to residual air bubbles, resin flow, and sufficient com-
paction during resin flow. Therefore, void content have a
signify-cant influence on the mechanical performance of
composite material products. Density measurements,
microscopy [43]–[50], ultrasonic attenuation [51], and
X-ray computed tomo-graphy [52] can be used to measure
void content. The electron microphotography method spec-
ified in GB/T3365-2008 [53] provides the highest porosity
detection accuracy. The fraction of the total pore area was
measured with an optical microscope. The specimen was
sampled and observ-ed at the marked position, as shown in
Fig.28. The samples are cut on the composite ring product,
with length, width and height of 20mm, 10mm and 10mm,
respectively. The samples are ground and polished under
flowing water, then the polished specimen is observed under
a microscope, and the process of measuring void content is
shown in Fig.29.

Void content can be calculated using the following
equation.

Sx =
Sv
St
× 100% (52)

where Sx is the void content, Sv is the total void area, and St
is the cross-sectional area of the specimen.

102806 VOLUME 8, 2020



Q. Hong et al.: Dynamics Modeling and Tension Control of Composites Winding System Based on ASMC

FIGURE 25. Sin response of ASMC (experiment).

FIGURE 26. Control errors comparison.

FIGURE 27. Composite prepreg tape winding experiment.

Residual stress is inevitable during composite prepreg
winding due to deformation of the products. Excessive
residual stress has a great influence on the structural

FIGURE 28. Photograph and sketch of the samples for testing void
content.

TABLE 3. The relevant parameters of the prepreg.

performance, thus the residual stress is the key index to eval-
uate the performance of the product. Therefore, the residual
stress is chosen as one of the optimization objectives. The
slitting method is widely used to calculate residual stress
in composite structures. When examining residual stress in
composite annular parts, a slot is cut along the radial direc-
tion, and the slot positionwill change due to the residual stress
moment. Fig.30 shows the change in slot displacement after
closure of the compound ring, which can be measured with
an electron microscope. The circumfere-ntial residual stress
in the composite ring can be calculated with the following
equations [54], [55].

σλ = −
4Mr

kλ

×

(
−R2xR

2
y

r2
ln
Rx
Ry
+R2y ln

r
Ry
+R2x ln

Ry
r
+R2y−R

2
x

)
(53)

Mr=−
1E
8π


(
R2y−R

2
x

)2
− 4R2xR

2
y

[
ln(Ry

/
Rx)
]2

2
(
R2y − R2x

)


kλ=
(
R2y − R

2
x

)2
− 4R2xR

2
y

[
ln(Ry

/
Rx)
]2

τ = τ1 + τ2

(54)

where Rx and Ry are the inner and outer radii, respectively, r
is the current position and τ is the total displacement of the
slot.

The formula for calculating the residual stress of the com-
posite ring specimen can be defined as follows:

στ =
|σλ (r = Rx)| +

∣∣σλ (r = Ry
)∣∣

2
(55)

Winding experimental results of different algorithms
are summarized in Tables 4, and variation of the void
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FIGURE 29. Process for measuring void content of composite tape
winding products.

FIGURE 30. Slitting method for measuring residual stress.

FIGURE 31. Comparison of properties of composite tape winding
products.

TABLE 4. Comparison of properties of composite tape winding products.

content and residual stress are illustrated in Fig. 31.
Experiment with T-300/YH-69, it can be known that the
designed ASMC has reduced the void content by about
58%, 39%, 49% and 54% and reduced the residual stress
by about 48%, 39%, 36% and 50% when compared with
the PID, SMC with sat(s) (ϕ = 0.05), SMC with sat(s)
(ϕ = 0.02) and SMC with sgn(s). Experiment with
BWT26082/DFQS-3, it can be known that the designed
ASMC has reduced the void content by about 59.4%, 37.9%,
49.6% and 52.2% and reduced the residual stress by about
48.8%, 38.1%, 33.6% and 51.6% when compared with

the PID, SMC with sat(s) (ϕ = 0.05), SMC with sat(s)
(ϕ = 0.02) and SMC with sgn(s). Experimental results
show that ASMC algorithm can reduce the void content and
residual stress of winding products. The decrease of void
content and residual stress of winding products reflects the
improvement of control accuracy of tension system.

VI. CONCLUSIONS
In this paper, the mechanical analysis of the composite prod-
ucts micro-body is carried out, and the tension calculation
model is established. According to the tension calculation
model, it can be known that the application of tension value is
time-varying in the winding process. Compared with the tra-
ditional constant tensionwinding, variable tension processing
can better guarantee the mechanical properties of composite
products. Therefore, higher requirements are required for
the control accuracy and sensitivity of the tension system
controller.

Themathematical model of tension control system is estab-
lished. The tension control system is complex, susceptible
to uncertain interference and nonlinear dead-zone. In order
to ensure high control accuracy of tension control system,
a robust control algorithm ESO-based ASMC is proposed.
In the case of system model parameter uncertainty and load
disturbance. By using the extended state observer to estimate
and compensate the total disturbance, the influence of the
total disturbance on the control accuracy can be reduced and
the dynamic performance of the system can be improved. The
upper bound of system observation error cannot be obtained
accurately. The parameter adaptive law is adopted to adjust
the switching control gain, which effectively reduces the
chattering of the system and ensures the tracking accuracy of
the system output. Finally, Lyapunov theory is used to verify
the stability of the closed-loop system.

Simulation and experimental results show that the designed
ASMC has highest control precision and stronger interfer-
ence suppression, smaller steady-state error, and robustness
when compared with other four controllers. ASMC can also
effectively improve the machining quality, stability, consis-
tency, and other properties of composites winding product.
In addition, the adaptive controller can also be widely used
in industrial robot manufacturing systems, such as grinding,
welding and spraying.
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