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Abstract

In this paper, an observed-based sliding mode control with event-triggered mechanism
for the carbon fiber diagonal loom tension networked control is studied. According to
the characteristics of the loom, the networked control is introduced into the loom
tension control, the influence of the introduction of network factors is fully considered,
and a tension model containing network factors is finally established. An observed-
based sliding mode control is adopted. Meanwhile, to further reduce the amount of data
transmission and improve the service life of the equipment, an event-triggered condition
is also introduced, then the asymptotically stability of the proposed control system and
the feasibility of control performance are proved through the Lyapunov functional.
Finally, the rapid feasibility of the proposed algorithm is demonstrated by a simulation
example.
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1. Introduction

Carbon fiber is a material composed of extremely thin strands of the element carbon with high
tensile strength and is extremely durable. It is used to produce carbon fiber reinforced polymer
that finds applications in transportation, textile, marine, wind energy, aerospace and defense,
construction, consumer goods, and others [1]. In the textile industry, the tension of the yarn is
an important quality influence factor when processing carbon fiber fabrics [2]. Too much
tension will cause the yarn to break, while too little tension will not roll the yarn into shape.

Recently, lots of advanced control algorithms have been applied to loom tension control. For
example, reference [3] proposed an improved genetic algorithm to optimize the PID control
scheme, the proposed algorithm overcomes the problem that the control performance of the
traditional PID control algorithm in the loom tension control system declines. Reference [4]
applied the equivalent sliding mode control on carbon fiber diagonal loom to improve the
tension control performance and have good robustness to disturbances. To overcome the
shortcoming that the dynamic sliding surface evolution time of discrete global sliding mode
control is too long, Reference [5] proposed a fast discrete global sliding mode control method,
which not only has strong global robustness, but also can quicken the system response and
shorten the transition time. Reference [6] improves the control level of warp tension and the
driving performance of the let-off roll system based on fuzzy neural network and vector control.
Reference [7] proposed a fuzzy optimal integral separation PID warp tension control scheme
based on process sampling to improve the warp tension control level of the loom. Reference [8]
proposes an improved model and combines it with genetic algorithms and gradient-based
methods to calculate the optimal setting parameters of the weaving process to ensure fabric
quality.

However, considering that the loom is a complex distributed mechanical system with multiple
control degrees of freedom, its system design contains lots of control units. Also, to realize the
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information exchange between the equipment, improve the control accuracy, and reduce the
control cost, it is considered to introduce the networked control technology into the tension
control of the loom.

A networked control system (NCS) is a control system in which the control loop is closed
through a communication network. The defining characteristic of NCS is that the control and
feedback signals are exchanged between the system components in packets over the network.
Due to the introduction of network factors, problems such as delay, packet loss, quantization,
and network attacks also follow [9]. Therefore, it is necessary to additionally consider the
influence of network factors on the tension control effect while researching the networked
constant tension control of the loom, to improve the quality of the woven fabric.

This paper proposes an observed-based event-triggered sliding mode control method that aims
to solve the above problems in discrete-time networked control system with delay, packet loss,
and considers the quantization problem in data transmission. The stochastic Lyapunov method
is applied to analyze the asymptotic mean-square stability of the proposed control system. The
proposed control law can attenuate the effects of the network so that the system state can
approach the pre-designed sliding surface in a limited time.

2. Mathematical Modeling of The Loom

The carbon fiber diagonal loom is a complex distributed mechanical system with multiple
control degrees of freedom based on carbon fiber materials' high performance. Its system
contains plenty of control units and has features such as non-linearity, randomness, and time
variety. As shown in Figure 1, yarn is sent from the warp beam, passes through the fixed beam
and the tension roller to the heald frame, then across the friction roller and is bundled by the
cloth beam.
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Figure 1. Working principle of the loom
2.1. Friction Modeling
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Figure 2. Schematic of the LuGre model

In the process of yarn processing, friction is one of the most important influencing factors. In
previous studies, only viscous friction was considered. To improve the accuracy of the proposed
tension model, a nonlinear dynamic friction model which named as the LuGre friction model is
applied in this paper. The LuGre model derives the roughness between two contacting surfaces
at the microscopic scale using elastic bristles, and the dynamic effect of friction results from the
average deflection of these bristles. The LuGre model more accurately simultaneously describes
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sliding displacement, memory friction, variable static friction, viscous friction and Stribeck
curve effects [10].

A LuGre friction mathematical modeling can be described as follow:

dz o

= = w-——z

dt g(w)

(4]
og(@) = F+(F-Fep(-2 (1)
dz
M = oz+o —+Cw
f 0 1 dt N

where z is the distance between the contact surfaces where the bristles are offset; w is the
angular velocity of the warp beam; o,, o, and C, are the stiffness coefficient, damping

coefficient, and viscous friction coefficient of the bristles respectively; F: and Fs are coulombs
friction torque and static friction torque, respectively and F, > F, ; @, is the Stribeck speed

which is a small positive number, and My is the total friction torque. According to the values of
o and @, the yarn friction can be divided as viscous friction when |a)| < w, and sliding friction
when |o| > , .

According to the friction characteristics, when @ is large, that is, in the pure sliding friction
state, dz/dt ~ (0; when o is small and commutated, that is, in the viscous state, there is a large
value of dz/dt ~ 0. Therefore, for the pure sliding friction state, according to (1), the value of z
can be obtained as follow:

z = g(o)] (2)
According to (1) and (2), in the sliding state, the friction torque based on the LuGre model is as
follow:

]

M, =F, +(F, - F)ep(-")+ C.o 3)

a)S

Since @, is exceedingly small, then according to the characteristic of the exponential function,

Equation (3) can be simplified as follow:
M, =F+C, (4)

2.2. Let-off System Modeling
Figure 3 stands for the schematic of the let-off system. The warp beam's radius 7(¢) is

decreasing gradually, suppose that the warp beam’s maximum radius is Rimax €ach layer of
warp yarn has a thickness of §, and the warp beam rotates ¢(¢) times per minute. So, warp

beam's radius (¢) is as follow:

A0 =R, ~ 205 5)

gl

Reduction Servo
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Figure 3. Schematic of let-off system
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Since the radius of the warp beam changes with time, its moment of inertia J, is also a time-
varying value as follow:

J =Jy+J, (6)
where J, stands for the moment of inertia of the warp beam, .J, = zpb(R! _—7})/2 stands for

1max

the moment of inertia of the yarn on the warp beam with 7, is the initial radius.

Then, Equation (7) can be obtained according to the dynamic balance equation:

. do,
llM1+MT1_Mf1: | (7)

dt
where j, stands for reduction ratio of the reduction gear, M, =Ty stands for motor torque
with 7 is the yarn tension, M, =F, +C o, stands for friction torque, @ stands for the

angular velocity of warp beam.

2.3. Take-up System Modeling

Similar to the let-off system, Figure 4 is the schematic of take-up system, and the warp beam's
radius is

t
rz(t):roz"'mé‘ (8)
2
where 7, is the initial radius of the warp beam. The moment of inertia is
J,=Jy,+J,, 9)
where J, stands for the moment of inertia of the warp beam, J, = zph(R; —r,;)/2 stands for

the moment of inertia of the yarn on the warp beam with R, and r,, are the time-varying radius

and the initial radius, respectively.
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Figure 4. Schematic of take-up system

Then, Equation (10) can be obtained according to the dynamic balance equation:
do,

dt
where j, stands for reduction ratio of the reduction gear, M, = Tr, stands for motor torque,

iL,M,-M, _Mfz =J, (10)

M,, =F,+C,w, stands for friction torque, o, stands for the angular velocity of warp beam.

2.4. Disturbance Factors Modeling

Figure 5. Schematic of heald frame mechanism
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According to Figure 5, the yarn is stretched at the heald frame, so the influence of warp tension
caused by heald frame is introduced.

The warp deformation at the heald frame is divided into upper and lower parts, and both are
equal. According to the corresponding geometric relationship, we can get the warp length
variables at the heald frame as follows:

W’ —2h(b—a) N W —2h(b—c)
2], 21,
According to the motion law of the heald frame as sinusoidal acceleration motion, the
displacement of the heald frame in a motion cycle can be expressed as follow:
. {O.SHsinza}zt 0,1 <90 or w,t >270°

0.5H 90" < w,t <270°

AL =AL, =

(11)

(12)

Therefore, the maximum deformation caused by the movement of the heald frame to stretch
the length of the warp yarn is as follow:
H 1 1.,
AL=A+A, =—(—+—)sin"w,t (13)
4 [ I

2.5. Tension Modeling

According to the above analysis, the yarn tension mathematical modeling can be obtained as
follow:

) 1 .

o = 7(’1M1+T’”1_C31w1_Fc1)
1

) 1 .

@, = J_(lez —Tr,—Cs,0,—F,) (14)
2

T = K, (J.t (@,1, — ;)dt + Asin® 5t) + B, ((w,r, — o)+ A0'sin 20t)

Then, the state space equation of the loom tension can be defined as follow:

X = Ax +Bu +d,
Y, = Cx, (15)
x, = @,
T
a, 4, 4y b, b, 1
where 4=|a, a, 0| B=|b, 0|, C=|0]|,
a;, 0 ay 0 b, 0
in which 2 2
7 7 ) C ) C ) 7 )
a =—B.(-+2Y) a,=—Br-K.r a.=K.rn—2Br, a,=—- a,=—=L
1 f(Jl Jz) 12 7, rh o h 7, o Ay 7, oY) J,
no C, L ’ L ’ L ’ L
Ay =—— Ay = ——— by, :__Bfr b, = Bfr2 by =— by, =—=
J, J, 1 2 Ji 2
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F F
K A8sin25t+ B, A5’ sin46t +—-B,r, ——= B, r,
J, J

1 2

d = ——c is the internal disturbance factors in the

t J]
F

__c2

Jy

system, and the total disturbance of the system is set as Bf(x,)=d, +d, in which 4, is the
external disturbance factors in the system, ¢, is the initial state of the system.

Then, Equation (16) can be obtained as follow by discretizing Equation (15):

Xy = Ax + B+ f(x))
Y, = Cx, (16)
Xp = &

. . 1 r As jod
in which 4 = 47, Bz_[oe ds,C=C.

3. Networked Control System Modeling

Considering the following uncertain nonlinear time-invariant discrete-time system with time
delay:

X = (A+A)x +Ax,_ +Bu, + f(x,))
Ve = Cx, (17)
Xe = ¢,

in which x, e R", u, e R" and y, e R” are the system state, system input, and system output

measurement, respectively. The matrices 4, Aq, B and C are known constant matrices with
proper dimensions, ¥,_, stands for the time delay, f(x,) is the disturbance vector which
belonging to/2[0,).

Assumption 1: A4 is anorm-bounded parameter-uncertainty matrix and can be described as:

A4 =EFH (18)
in which Fis an unknown matrix which satisfies FF” <1, E and H are known constant matrices
with proper dimensions.

Assumption 2: The nonlinear disturbance f(x,) is bounded and satisfies:
Gl < 2] (19)
with 4 >0 stands for a known scalar.

Assumption 3: The system is fully controllable and observable, in other words, (A,B) and
(4,C)are full rank.

3.1. Quantization

In the networked control system, information transmission between components is carried out
through communication channels. For information to be transmitted in the channel, it must first
be quantized and encoded. Meanwhile, considering that the bandwidth of the channel is limited
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in practical applications, to ensure that the system can operate normally within a given
bandwidth, it is necessary to use the quantization technique to reduce the communication rate.

The logarithmic quantizer which applied in this paper can be described as follow:
0@ =[0/@) 0,(@s) -+ 0,(4,)] (20)
in which &, i =1,2,---,m, is the ith element in the ;; and satisfied O,(—,) =-0,(-,).

The values of Q,(i1,) in Q(z1) can be described as:

u!sign(u,), Yo< |ul| <t
. 1+0, 1-9,
O,(u,)= y (21)
O’ |ul| < min
1+0,

in which w/ = pyu,,.,i=12,---,p,=1-6,/1+6,,6, €(0,1), where u,, is the quantified dead
zone, p, is the quantified density, j can be seen as the quantified level. Define quantified error
A (@) = O(@,) — i, with A, = diag{Ay, A}, A} } and A < &,.i€ {12, m}, then, we can

obtain that

min?

O,) = (I + A, (22)

3.2. PacketLoss

Due to the instability of the network, data packets may be lost during transmission. To
compensate data packet loss, following method is proposed:

»,,» Wwhen data packets are received;
Ve = (23)

Vit when data packets are lost.

Equation (23) stands for y, = ¥, when data packets are received at time k, and Y, = ¥;_, when

not. The possibility of the occurrence of packet loss can be described as a Bernoulli distribution
as follow:

{P(Hk =1) 0 24

PO, =0) = 1-0

in which 0<@<1and 6, =1 stands for occurring packet loss, §, =0 stands for not. Then

Equation (23) can be rewritten as follow:

=0y, +(1-0)y, (25)

Substitute Equation (22) and Equation (25) into Equation (17), the control model of the

networked system with quantification, delay and packet loss can be obtained as follow:
{x/m = (A+Ad)x, +A4;x,_, +BL+A)u, + f(x,))

(26)
Yy = Oy, +(1-0)y,_,

3.3. Event-triggered Scheme

An event-triggered scheme is applied in this paper to minimize system bandwidth occupancy
and increase the component serving life in the tension control system. Only when the event-
triggered condition stated in Equation (27) is fulfilled, the data from the sensor will be sent to
the controller.

e.%Ter.%k > 5&%9}2; (27)
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where & €[0,1] isaconstant, e, =%, —%; inwhich %, and % are the current measurementand

the system state at the last moment, respectively. €2 > 0 is the weighting matrix and is known.

4. Main Results

This section establishes an event-triggered sliding mode control scheme for the networked
control system under consideration. The state trajectories are forced onto the pre-designed
sliding surface by the observed-based sliding mode controller. Figure 6 depicts a complete
flowchart.

’—‘ Plant Sensor

SMC Law

Packet

Observer

f|\ Loss
ZOH C i)

Event-triggered
Mechanism

Figure 6. The detailed flowchart of control system

4.1. Observer Design
According to reference [12], the following state observer is proposed:

Xy =AX, +Bu, (I +A)+ L[y, —(1-60)Cx,] (28)
where 3, e R" is the observed value of the system state and [ e R™” is the observer gain value
to be designed later.

The sliding surface is selected as follow:
S, =Gx, (29)
in which matrix G € R™" needs to ensure GB(I + A) is non-singular and will be designed later.

An ideal sliding surface should satisfy the following condition:

S =8, =0 (30)
The equivalent control of the system may be accomplished as follows when the system state
reaches the ideal sliding surface according to Equation (28)-(30):

ufq =—(GB(I+A)))"'G[4%, + L(y, —(1-6)Cx,)] (31)
Substituting the Equation (27) into Equation (31), and then we can obtain that:
ut, =—(GB(I+A,)) Gl A%, + L(y, —(1-0)C&,)] (32)

Substituting Equation (32) into Equation (28), the sliding surface of the system can be obtained
as follow:

X0 =[4-(6,—-O)LCII - G)X, +GAe, +(1-6,)(I —G)LCe, +

_ _ (33)
6,(I-G)LCe,_,+6, (I -G)LCx, |
where G = B(I+A,)GB(I+A, ))’1 G, and the error dynamic can obtain as follow:
e, =(A+A4—-(1-6,)LC)e, + Adekfrk +B(+A,)f(x,)-6,LCe, ,—6,LCx, ,+ (34)

(A +(8, ~O)LOVZ, + 4,5, .
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4.2. Observed-based SM Controller Design

The sliding mode control law is proposed in this section to reduce the effect of the event-
triggered mechanism and the network factors, allowing the system state to approach the pre-
designed sliding surface in a limited time.

Theorem 1: For state observer Equation (28) and sliding surface Equation (29), if
w, ==(GB(h, 1)) '[GA%; + GL(y, — (1= 0)3,) — Asgn(S;)] (35)
>||GAlll|e. ||+p, if S/ sgn(S.)>0
with 1GAle;, I +» e sgn(Sp) where 0 >0 is a constant, then the system state
<||GA4[llle; || +p, otherwise
can approach the pre-designed sliding surface in a limited time.
Proof:
Define the following Lyapunov-Krasovskii function:

V=5 SIS, (36)

and its increment
E{AV,} =E, .} —EV}
1 1

= ESkTHSku _ESkTSk
1 1
= ESkT+1Sk+l _ESkTSk + SkTSk+l - SkTSk+l

37
_ 57AS, +%S[+1AS[ —%S[AS[ (37)

=S/ AS, + %AS{ AS,

1
=S/S,., —-S/S, +§AS,{TAS,{
in which AS, =S§,,,-S,.
By substituting Equation (35) into Equation (29) can obtain that:

Se =—GAe, —Asgn(S,) (38)

Meanwhile, considering || S, |[<|| S, ||,, then we have:

1
E{AV,}<=p || S, [|-S/S, +5ASZASk (39)

Then from above all, we can ensure S, =0 by adjusting the positive parameter o to make A},

is negative and AS, is reasonably bounded which also implies the proof is complete.

5. An Illustrative Example

The initial conditions of the loom tension control system and state observer are set as
X, :[185 300 180]T, %, :[185 115 225]T, respectively and system parameter matrix are
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-3.049 5484 26.842 13.180 0 1T 26.842
set as A=|—-0.367 0 0.824 |, B= 0 7908 |, C=|0| , E=|23.897]|,
0 -0.750 2.471 —-69.271 155.862 0 0.824
26.8427
H=|23.897| , F(k)=sin(k) . Considering the variation range of delay as 7, =1ms and

2471
r,, =3 ms, the total packet loss probability § =0.2, and the quantization parameter 0,=0.1,
the quantizer density is setas p, =0.82.
The simulation results are shown as follow. The closed-loop system states are asymptotically
stable, and control signals tend to stabilize under the effects of time delay, packet losses, and

data quantization, as shown in Figure 7 and Figure 8. The sliding variables tend to zero with
time, as seen in Figure 9.
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Figure 7. State trajectories of the system

150
I\
IR
100
2]
=
=
.ch
[72]
&
~
-100 ' '
0 50 100 150 200 250
Time (k)

Figure 8. Control signals

Sliding Variables

-100
0 50 100 150 200 250
Time (k)

Figure 9. Sliding variables

40



Scientific Journal of Technology Volume 5 Issue 1, 2023
ISSN: 2688-8645

6. Conclusion

In this paper, an observed-based sliding mode networked control with event-triggered scheme
is proposed. By introducing the networked control method to the tension control of the carbon
fiber diagonal loom, we established its networked model includes time delay, quantization, and
packet loss. Then, a novel sliding surface and a sliding mode control law have been synthesized
to ensure the asymptotic stability of the system. Finally, the simulation results show that the
proposed control algorithm can realize rapid convergence of the tension system. In the future
work, we shall be devoted to find more control methods to increase the stability of loom tension
control under unexpected disturbances.
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