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Abstract: In the process of composite placement, irregularity and asymmetry pressure fluctuation
will affect the density and evenness of composite products, which lead to the inconsistency of
interfacial strength and fiber volume fraction. The dynamic performance of placement pressure
systems will be affected by external disturbance, mechanism friction and measurement noise.
In this paper, an adaptive sliding mode control (ASMC) strategy based on disturbance observer (DOB)
is proposed. The disturbance observer is introduced to estimate the equivalent disturbance torque,
and the estimation error is compensated by the switching term of sliding mode control. The adaptive
method is used to ensure that the switching gain is not overestimated, and then the Lyapunov function
is used to verify the stability of the closed-loop control system. The experimental results and simulation
analysis show that ASMC-DOB has high control accuracy and good robustness. At the same time,
the designed algorithm can effectively reduce the void content of composite products.

Keywords: composites placement; dynamics modeling; ASMC-DOB; pressure control; void content

1. Introduction

Composite materials have a series of advantages, such as being light weight, anti-fatigue, having
corrosion resistance, high modulus, high strength and strong designability, and have been widely used
in many industrial fields, especially in large-scale integral structure and aviation components [1–7].
Composite tape placement technology is one of the common methods in the composite forming
process. The final properties of composite products are very sensitive to parameters. The performance
of composite products is directly related to the selection and control accuracy of parameters such
as placement temperature, pressure and speed. Placement pressure is an important parameter of
the composite tape placement forming process. Choosing an appropriate pressure interval value
and having an excellent pressure control system can improve resin content and homogeneity of
placement products, reduce void content and enhance density [8–10].

From the perspective of the control algorithm, the pressure control system of composite material
placement equipment is complex, nonlinear and easy to be disturbed, which makes the mathematical
modeling of the control system and the design of the controller more difficult. Due to the simple
algorithm, good robustness and high reliability, Proportion Integral Differential (PID) is widely used
in industrial process control. However, due to the nonlinearity, time varying uncertainty, strong
disturbance and badness of parameter adjusting performance, it is difficult to achieve the ideal control
effect by using the conventional PID controller in actual working condition [11–14]. Sliding mode control
can overcome the uncertainty of the system, has strong robustness to disturbance and unmodeled
dynamics and has good control effect on the nonlinear system. High frequency chattering of sliding
mode control brings many adverse effects, such as damaging the sensor, exciting the unmodeled dynamic
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characteristics of the system, and influencing the control system structure [15–20]. The approaching laws
and boundary layer method are applied to reduce chattering, which leads to less control accuracy [21–23].

In the last few years, many researchers combine intelligent control technology with Sliding Mode
Control (SMC). In literature [24], in order to improve the robustness of the control system, the adaptive
linear neural network is introduced into the traditional sliding mode observer, and the radial basis
function is constructed to approximate the equivalent control law. In literature [25], an adaptive fuzzy
sliding mode controller with nonlinear observer is proposed, and adaptive fuzzy logic is designed to
approximate the parameters of sliding mode controller, which can effectively avoid high frequency
chattering. An adaptive controller based on function approximation technology is used to learn
unknown dynamics, and Fourier series is used to deal with external uncertainty to realize speed
tracking [26]. In literature [27], by updating the Fourier coefficient, the time-varying and disturbance
in the Fourier series can be estimated. A mode compensated adaptive backstepping sliding mode
controller is proposed to suppress chattering.

In this manuscript, the pressure control system is analyzed and the dynamic model is established.
Adaptive sliding mode control strategy based on disturbance observer (ASMC-DOB) is designed to
improve the control accuracy of systems with mismatched uncertainties, which SMC algorithm can’t
overcome very well [28,29]. Simulation and experimental results show that the designed algorithm
can significantly improve the control accuracy and effectively suppress chattering.

2. Calculation Model of Placement Pressure

To realize the placement function, the placement head must be able to move and rotate freely
in three-dimensional space, the placement flow chart is shown in Figure 1. Schematic of composite
laminate is shown in Figure 2, the thickness of each composite laminate is equal, the stress of each
composite laminate can be expressed as follows:

σ1 =
Fp1
δ +

Fp2
δ+δd

+
Fp3

2δ+δd
+ . . .+

Fpn

(n−1)δ+δd

σ2 =
Fp2
δ +

Fp3
2δ+δd

+
Fp4

3δ+δd
+ . . .+

Fpn

(n−1)δ+δd
...

σ(n−1) =
Fp(n−1)
δ +

Fpn

(n−1)δ+δd

σ(n) =
Fpn
δ

δd = E0
E δ0

(1)

σ1 = σ2 = . . . σ(n−1) = σ(n) = σ(0). (2)

where δ is thickness of composite laminate, σ(0) is initial stress of prepreg, E0 is elastic modulus of
placement platform, E is elastic modulus of prepreg, Fpn is placement pressure of composite laminate,
δd is equivalent thickness of composite laminate, δ0 is thickness of placement platform and σ(n) is
stress of composite laminate.

In order to ensure that the initial stress of each composite laminate is equal, the placement pressure
value is time-varying. If σ1 = σ2, σ1 = σ3, σ1 = σn, then,

Fp2 = δ+δd
δd

Fp1

Fp3 = 2δ+δd
δd

Fp1

Fpn =
(n−1)δ+δd

δd
Fp1

. (3)
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Figure 2. Schematic of composite laminate.

Placement pressure of the j composite laminate Fpj can be represented by placement pressure of
outermost composite laminate Fpn. Fpj can be expressed as follows:

Fpj =
(j− 1)δ+ δd

(n− 1)δ+ δd
Fpn. (4)

According to Equations (1) and (2), then,

Fpn = σ(0)δ. (5)

Substituting Equation (5) into Equation (4), pressure calculation model can be expressed as follows:

Fpj =
(j− 1)δ+ δd

(n− 1)δ+ δd
σ(0)δ. (6)

Equation (6) is the calculation model of placement pressure, which shows that the application of
pressure value in the machine process is time-varying. The traditional constant pressure placement
process cannot guarantee the excellent performance of composite products. Therefore, we carry out
variable pressure placement processing, which requires higher robustness, dynamic characteristics
and control accuracy of the controller.



Symmetry 2020, 12, 1057 4 of 16

3. Establishing Mathematical Model of Placement Pressure Control System

The overall structure of the placement machine adopts the gantry type, the placement head is
assembled on the gantry frame and the worktable is placed under the placement head. The movement
of the screw is controlled by a servo motor to apply placement pressure. Due to the advantages of good
controllability, high stability and high-speed response, the servo motor is suitable for high-precision
control conditions. The composite tape is heated to make the resin melt to produce better viscosity
in the placement process, which can make the layers better combined. The structure of the heating
device and the pressure actuator are shown in Figure 3. To ensure the cutting edge of the tape is
complete and smooth with better shearing quality, the designed tape cutting mechanism is shown
in Figure 4. The cutting tape actuator is mainly composed of two servo motors and a cylinder.
The placement pressure control process is shown in Figure 5. In order to facilitate the establishment of
the mathematical model, core hysteresis and eddy current loss are ignored. According to Kirchhoff’s
law, voltage equation of motor winding can be expressed as follows:

uA

uB

uC

 =


RS 0 0
0 RS 0
0 0 RS




iA
iB
iC

+ d
dt


LA LAB LAC

LBA LB LBC

LCA LCB LC




iA
iB
iC

+


eA

eB

eC

. (7)

where Rs is motor resistance, uA, uB and uC are motor winding voltage, iA, iB and iC are motor winding
current, eA, eB and eC are induced electromotive force and LA, LB and LC winding inductance.
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Winding inductance is constant L and mutual inductance is ignored. Then, Equation (7) can be
simplified as follows: 

uA

uB

uC

 = Rs


iA
iB
iC

+ d
dt


L 0 0
0 L 0
0 0 L




iA
iB
iC

+


eA

eB

eC

. (8)

When the motor adopts the star connection method, induced electromotive force is as follows:

E =
2pn
15ϕ

Nφ, (9)

where p, n,ϕ, N and φ are pole pairs of motor, motor speed, pole arc coefficient, turns-in-series
and magnetic flux, respectively.

According to the motor characteristics, motor output torque can be written as follows:

Tm =
EI
ω

, (10)

where I,ω and Tm are motor current, motor angular speed and motor output torque, respectively.
According to Equations (9) and (10), Equation (11) can be obtained:

Tm =
2Ipn
15ϕω

Nφ. (11)

The mathematical relationship between the electromagnetic torque and screw torque can be
expressed as follows:

Tm = Jm
dω
dt

+ Ts +ωcm, (12)

where Jm is motor moment of inertia, Ts is equivalent torque of screw and cm is motor
damping coefficient.

Equation (12) can be expressed as follows:

Tm = Jm
d2θ
dt

+ Cm
dθ
dt

+ Ts. (13)
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According Figure 6, the equilibrium equation of screw torque is as follows:

Ts = Js
d2θ

dt2 + Cs
dθ
dt

+
b

2π
FG (14)

FG = g
dv
dt

+ vcs + f + Fpn, (15)

where Fpn is placement pressure, τ is the angle between winding tension and screw load, Js, cs and FG

are screw moment of inertia, screw damping coefficient and screw load, respectively.
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Friction between dovetail groove and worktable is as follows:

f = k′cosχmgµ, (16)

where f is friction between dovetail groove and worktable, χ is dovetail groove slope angle, m is
worktable mass and µ is friction coefficient.

The relationship between feed speed and the rotation angle of screw can be written as follows:

v =
b

2π
dθ
dt

. (17)

According Equation (17), then derivative:

dv
dt

=
b

2π
d2θ

dt2 . (18)

According Equations (14), (16) and (18), Equation (19) can be obtained:

Ts =

(
Js + g

b2

4π2

)
d2θ

dt2 + (cs + cs
b2

4π2 )
dθ
dt

+
b

2π
( f + Fpn). (19)

Substitute Equation (19) into Equation (13), then,

Fpn =
2π
b

Tm −

(
2π
b

Js +
2π
b

Jm + g
b

2π

)
d2θ

dt2 − (
2π
b

cs +
2π
b

cm + cs
b

2π
)

dθ
dt
− f . (20)

4. DOB-Based ASMC

The structure of ASMC-DOB is shown in Figure 7 θd, θ and T̂d are position reference signal,
actual position output and disturbance observer output, respectively. Its control objective is to quickly
overcome the parameter change, uncertainty and nonlinear friction of the system, ensure that θ tracks
θd and keep the tracking error as small as possible.



Symmetry 2020, 12, 1057 7 of 16
Symmetry 2020, 12, 1057 7 of 16 

 

Disturbance observer

Equivalent control

switch control

Adaptive law

Mathematical equation of 
placement Pressure control systemSliding mode function

θ
θ

u
swu

equ

k

d̂T

dθ +
−

 

Figure 7. Block diagram of adaptive sliding mode control strategy based on disturbance observer 
(ASMC-DOB). 

4.1. Design of Sliding Mode Controller 

Position tracking error can be defined as follows: 

de θ θ= − . (21) 

Integral type sliding mode function can be expressed as follows: 
2

2d d 2 d
d

s e t e e e t
t

λ λ λ= + = + + 
    , (22) 

Where    is switching surface adjustable parameter and > 0. 
Without considering the unknown disturbance, control system model is as follows: 

pn pn=u A Bθ θ+  . (23) 

Suppose  = 0, according Equations (21)–(23), equivalent control law can be written as follows: 

2
eq pn d pn = ( 2 )u A e e Bθ λ λ θ+ + +  . (24) 

Due to the uncertainty and external interference of the system, the combination of equivalent 
control and switching control is applied, then, 

eq sw

sw

 =
 = sgn( )

u u u
u k s

+



, (25) 

where  is switching gain, > 0. 
Substitute Equation (24) into Equation (25), then the system control law can be written as follows: 

2
pn d pn= ( 2 ) sgn( )u A e e B k sθ λ λ θ+ + + +  . (26) 

To verify the stability of the system, positive definite Lyapunov function is selected. 

2 / 2V s= . (27) 

By differentiating Equation (27), according Equations (26) and (22), then 

( )1 1 1 1
pn d pn pn d pn dsgn( ) ( )V ss A s k s T A k s A T s A s k T− − − −= = − − = − + ≤ − −  . (28) 

When  ≥ | |, ≤ 0, the system is stable. 
 
 

Figure 7. Block diagram of adaptive sliding mode control strategy based on disturbance observer
(ASMC-DOB).

4.1. Design of Sliding Mode Controller

Position tracking error can be defined as follows:

e = θd − θ. (21)

Integral type sliding mode function can be expressed as follows:

s =
( d

dt
+ λ

)2∫
edt = e + 2λe + λ2

∫
edt, (22)

where λ is switching surface adjustable parameter and λ > 0.
Without considering the unknown disturbance, control system model is as follows:

u = Apn
..
θ+ Bpn

.
θ. (23)

Suppose
.
s = 0, according Equations (21)–(23), equivalent control law can be written as follows:

ueq = Apn
( ..
θd + 2λ

.
e + λ2e) + Bpn

.
θ. (24)

Due to the uncertainty and external interference of the system, the combination of equivalent
control and switching control is applied, then,{

u = ueq + usw

usw = ksgn(s)
, (25)

where k is switching gain, k > 0.
Substitute Equation (24) into Equation (25), then the system control law can be written as follows:

u = Apn
( ..
θd + 2λ

.
e + λ2e) + Bpn

.
θ+ ksgn(s). (26)

To verify the stability of the system, positive definite Lyapunov function is selected.

V = s2/2. (27)

By differentiating Equation (27), according Equations (26) and (22), then

.
V = s

.
s = −A−1

pns(ksgn(s) − Td) = −A−1
pnk|s|+ A−1

pnTds ≤ −A−1
pn|s|(k− |Td|). (28)

When k ≥ |Td|,
.

V ≤ 0, the system is stable.



Symmetry 2020, 12, 1057 8 of 16

4.2. Design of Disturbance Observer

Parameter uncertainty and nonlinear friction are included by Td. If switch control item
compensation is adopted directly, it will lead to strong chattering of the system and oscillation
of control signal. Disturbance observer and gain adaptive law are proposed to improve the algorithm.
The disturbance observer is mainly used to reduce the switch item amplitude, and gain adaptive law is
used to solve the unknown upper bound of disturbance and reduce the chattering of the system.

Disturbance observer can be defined as follows:
.
T̂d = −LT̂d + L(u−Apn

..
θ− Bpn

.
θ), (29)

where L is the gain of disturbance observer and T̂d is the estimated disturbance torque.
By introducing auxiliary variable p

( .
θ
)

and z, then,
.
z = −LT̂d + L(u− Bpn

..
θ)

T̂d = z− LApn
..
θ

. (30)

The observation error of disturbance observer can be defined as follows:

T̃d = T̂d − Td. (31)

Substitute Equation (30) into Equation (31), then derivative,

.

T̃d = −LT̂d + L(u−Apn
..
θ− Bpn

.
θ) −

.
Td = −L

.

T̃d −
.
Td. (32)

Supposing the system disturbance changes slowly, if
.
Td ≈ 0, L > 0, the disturbance error can be

guaranteed to converge exponentially. After the disturbance observer is introduced, the control law of
the system can be expressed as follows:

u = Apn(
..
θd + 2λ

.
e + λ2e) + Bpn

.
θ+ T̂d + ksgn(s). (33)

To verify the stability of the system, positive definite Lyapunov function is introduced.

.
V = −A−1

pn(ksgn(s) + T̂d) = −kA−1
pn|s| −A−1

pnT̃ds ≤ −kA−1
pn|s|+ A−1

pn

∣∣∣T̃d
∣∣∣|s| = −A−1

pn|s|
(
k−

∣∣∣T̃d
∣∣∣). (34)

When ≥
∣∣∣T̃D

∣∣∣ ,
.

V ≤ 0, the system is stable.

4.3. Design of Gain Adaptive Law

When the state trajectory reaches the sliding mode surface, it is difficult to slide strictly along
the sliding mode towards the equilibrium point, but it passes through the equilibrium point back
and forth on both sides. In this paper, the following gain adaptive law is adopted.

.
k =

{
a|s| sgn(|s| − ε) k > η
η k ≤ η

(35)

where k(0) > 0, a > 0, ε > 0, and η > 0. The larger η is, the larger the lower bound of k is, and the larger
the switching amplitude is, which leads to system instability. k should be as small as possible, but k > 0
to ensure the stability of the closed-loop system.
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According Equations (30) and (34), the gain k of the switching term is bounded, supposing
the normal number k∗ always exists. Proof define positive definite Lyapunov function is as follows:

V =
1
2

s2 +
1

2γ
(k− k∗)2. (36)

Then,

.
V = s

.
s + γ−1(k− k∗)

.
k = −A−1

pns
(
ksgn(s) + T̃d

)
+ γ−1(k− k∗)a|s|sgn(|s| − ε)

≤ A−1
pn(T̃d − k∗)|s| − |k− k∗|(−A−1

pn|s|+ γ−1a|s|sgn(|s| − ε))
(37)

By introducing parameter βk > 0, then,

.
V = −A−1

pn

(
k∗ −

∣∣∣T̃d
∣∣∣)︸             ︷︷             ︸

βσ<0

|s| − βk|k− k∗| − |k− k∗|(−A−1
pn|s|+ γ−1a|s|sgn(|s| − ε) − βk)︸                                        ︷︷                                        ︸

ξ

. (38)

Equation (38) is simplified as follows:

.
V = −βσ|s| − βk|k− k∗| − δ ≤ −min

{
βσ
√

2, βk
√

2γ
} |s|√

2
+
|k− k∗|√

2γ

− δ ≤ −βV
1
2 − δ, (39)

where β = min
{
βσ
√

2, βk
√

2γ
}
.

Condition 1, if |s| > ε, δ > 0, then, −APn|s|+ γ−1a|s|sgn(|s| − ε)− βk > 0, which ensures the stability
of the closed-loop system. Condition 2, when |s| < ε, sign of ξ cannot be determined, and the stability
of the Lyapunov function cannot be guaranteed. But if |s| < ε does not remain, then back to condition
1. According to the above analysis, the proposed adaptive sliding mode control algorithm based on
disturbance observer is stable.

5. Simulation Analysis and Experimental Verification

5.1. Simulation Analysis

In order to verify the effectiveness of the ASMC-DOB algorithm, the hardware-in-the-loop
simulation experiment is carried out, and the mathematical model of the placement pressure control
system is taken as the controlled object. A step signal (r1(t) = 300 N) is used for positioning control,
and relevant parameters of placement pressure control system are shown in Table 1. The simulation
results of step response are shown in Figures 8–10. Figures 8 and 9 are the step response simulation
results of PID and SMC, respectively. The control error of PID step response and SMC step response are
12.58 N and 6.28 N, respectively. The SMC algorithm has strong robustness and can effectively reduce
the control error compared with the PID algorithm. However, it can be seen in Figure 9 that the sliding
mode control has large high-frequency chattering, which will affect the system structure and damage
the sensor. In order to reduce the high frequency chattering of the control input, the ASMC-DOB
control algorithm is proposed. Figure 10 shows that the control error is 3.46 N. Compared PID and SMC,
the control error of the design ASMC-DOB is reduced by 72.5%, and 41.3%, respectively.

Table 1. Parameter values and description of tension control system.

Parameter Value Description Parameter Value Description

Rs(Ω) 7 Motor resistance p 3 Pole pairs of motor
φ 20 Magnetic flux ϕ 3 Pole arc coefficient
cm 0.12 Motor damping coefficient cs 0.11 Screw damping coefficient
χ 45◦ Dovetail groove slope angle Jm (kg·m2) 0.03 Motor moment of inertia
µ 0.15 Friction coefficient m (kg) 5 Worktable mass

d (mm) 16 Screw diameter H (mm) 8 Screw lead
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Figure 10. Step response of ASMC (simulation). (a) Control error and tracking response (b) Control input.

It can be seen from the simulation results that the PID algorithm has the largest control error.
Compared with the PID algorithm, SMC can effectively reduce the control error, but the control input
chattering is sharply increased. The DOB-based ASMC algorithm proposed satisfies the tension control
system with both smaller control input chattering and smaller control error.
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5.2. Experimental Verification

In this experiment, IPC-610-L is used as the controller carrier, and C++ is used to write
the experimental program. The designed control programs include sampling, pressure sensor
measurement function and digital and analog signal conversion. A digital I/O card (PCL-730),
Advantech 2-way isolated analog output card (PCI-728) and data acquisition card (PCI-1680U) are
used for conversion, acquisition and data output, respectively. The experiment is carried out on
CH#2 composite tape placement equipment. The experimental results are shown in Figures 11–13,
and the simulation and experimental results have the same trend. It can be seen from Table 2
and Figure 14 that ASMC-DOB control input chattering and control error are smaller than PID and SMC,
and the ASMC-DOB reduces the control errors of step response by 41.7% and 69.2%, respectively.
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Step

Simulation Control error 12.58 6.82 3.46
Chattering extent Small Large Smaller

Experiment Control error 13.92 7.34 4.28
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Figure 14. Control error comparison of different control algorithms.

In order to further verify the effectiveness and feasibility of ASMC-DOB, different control
algorithms were used to carry out the placement experiment, and observation of the change of
void content of composite products. Void content is an important index to measure the product’s
mechanical properties. There are many ways to measure void content, such as density measurements
by microscopy [30–37], detection method of ultrasonic attenuation [38] and computed tomography,
which can also be performed using X-rays [39]. In GB/T3365-2008 [40], an electron microphotography
method is proposed, which provides the highest void content detection accuracy. Sampling and void
content measurement processes are shown in Figure 15. The samples are polished and ground under
flowing water, and then observed by microscope.
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According to Equation (40), the void content can be easily obtained.

wf =
wv

wt
, (40)

where wf is the void content, wv is the total void area and wt is a cross section of the sample.
Three different algorithms are used for the laying experiment, and Table 3 shows the change trend

of void content of composite products. It is known that the designed ASMC has reduced the void
content by about 75.8% and 59.5%, when compared with the PID and SMC. Experimental results show
that the ASMC algorithm can reduce the void content of composite placement products. Reduced
void content of composite products can reflect the improvement of stability and control accuracy of
placement pressure systems.

Table 3. Void content comparison of different control algorithms.

Type PID SMC ASMC

E1 E2 E3 F1 F2 F3 G1 G2 G3

Void content (%) 1.2 1.32 1.28 0.98 1.02 1.18 0.22 0.32 0.38

Notes: E1—the first position of specimen E; F1—the first position of specimen F; G1—the first position of specimen
G.

6. Conclusions

In this paper, a calculation model of placement layer pressure is established and analyzed,
and it is determined that the pressure should be time-varying. Variable pressure machining can
better guarantee the product’s mechanical properties, and at the same time, it needs to ensure that
the controller has better dynamic performance and higher control accuracy.

Sliding mode control has many advantages, such as strong robustness to disturbances
and unmodeled dynamics, insensitivity to parameter changes and disturbances, fast response
and simple physical implementation, so it is suitable for servo system. However, due to
the characteristics of SMC discontinuity switch, the system will chatter at high frequency which
affects the control accuracy and makes the system oscillate and unstable. In order to ensure the stability
and high control accuracy of the placement pressure control system, a robust control algorithm
ASMC-DOB is proposed. The disturbance observer can accurately estimate the external disturbance
in finite time, compensate the system input, improve the control accuracy and reduce chattering.
The parameters vary with the state variables using the proposed method, which improves the dynamic
performance of the system and reduces the control input.

Experimental and simulation results show that ASMC-DOB has stronger interference suppression,
robustness, smaller control error and the highest control precision when compared with PID and SMC.
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ASMC-DOB can also effectively improve the consistency, stability and other properties of composite
placement products.
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