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There is an effective method of filament winding for the 
manufacture of hollow composite products (pipes, containers, 
etc.). Finished products are light, durable and widely used in 
industry. However, this method has significant drawbacks. The 
tension of the surface layer and the tension of the inner layers 
can differ significantly for the products being formed. This effect 
is also observed when the tension of the wound material is 
adjusted. Another significant drawback of the technology is the 
change in the diameter of the cross section of the product in the 
end zones, where the return movement of the movable trolley 
with threads (tape) is carried out. As a result of these drawbacks, 
there are deviations in the winding density and other stress-
strain state indicators from the planned values. To eliminate 
these shortcomings, we propose an original method for 
controlling the radial increment of the composite winding and its 
density. 
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1 INTRODUCTION  

Relatively all pipes and industrial containers have been made by 
metals in recent and current century. Nowadays composite 
materials are used for their production. One of the well-known 
and effective methods of manufacturing hollow products (pipes 
and large containers) is filament winding. It is carried out by 
special devices which can be also designed in a small scale for 
research purposes [Saad Mutasher 2012]. The fibers are wound 
from the bobbins mounted on the stand, soaked in a special bath 
with resin to strengthen their structure and then glued in the 
winding, then wound on a rotating mandrel. 
In addition to the noticeable advantages of filament winding, 
this method has some important drawbacks. For example, 
despite adjusting the tension of the feed material in order to 
maintain it at a given level [Li 2015], [Shengle 2009], [Zhang 
2017], [Srivastava 2016] the tension of the surface layer and the 
inner layers cannot be stabilized almost for all reproducible 

products, for ensuring the same values of the winding radius and 
its density [Musalimov 2016] (in Russian). The reason for this 
phenomenon is the heterogeneity of the wound material in 
terms of physical and mechanical parameters (linear density, 
characteristics of elastic properties, humidity, etc.) [Obraztsov 
1986] (in Russian), [Thwaits  1977] and the random nature of the 
actual winding process. Changing any technological factor 
associated with the winding process and affecting it inevitably 
leads to a deviation of the winding point movement from the 
planned trajectory. Another significant drawback of the 
technology is the change in the diameter of the cross section of 
the product in the end zones, where the return movement of the 
mobile trolley with threads (tape) is carried out. 
Therefore, the stabilization of the winding density of a 
composite product is a vital task and this novel paper proposes 
to accomplish mentioned task by controlling the winding process 
in a composite cylindrical shell. Current studied of solving this 
problem [Hashimoto 2016], [Hashimoto 2010] are not effective 
enough due to the lack of relationship between the geometric 
parameters of the created winding and the parameters of its 
stress state. 

2 FORMATION MODEL OF THE COMPOSITE WINDING AND 
DETERMINATION OF THE KINEMATIC PARAMETERS  

To solve this problem, we have proposed a device for 
controlling the process of forming the winding, developed 
based on the model of its formation [Kutin 2018] (in Russian): 
 

 𝐴 = 𝑓(𝜃)  , 𝜌(𝜃) − 𝜌0 = ∫ 𝑎𝑑𝜃  
𝜃

0
,   𝐿 = ∫ 𝜌(𝜃) 𝑑𝜃 ,   

𝜃

0
 

𝛾 =
𝑚𝑆𝐷(𝜌 )

𝜋𝐻(𝜌2−𝜌0
2)

                                                                  (1) 

 
where 𝜃  is the angle of rotation of the mandrel,  a is the 
parameter of the winding spiral, 𝜌0  is the radius of the 
mandrel, mS is mass of the unit of length of the wound 
material, H is the length of the mandrel, 𝜌  is the current radius 
of the winding, L  is the length of the composite layer of wound 
material and D is the length of the wound material. 
The parameter of the winding spiral is determined by the ratio 

𝑎 =
𝜐

𝜔
=

𝑑𝜌

𝑑𝜃
= 𝑓(𝜃)                                                           (2) 

where υ is the velocity of the winding point (the contact point 
of the wound material with the wound body) in the radial 
direction (υ = dρ/dt), ω is angular velocity of the mandrel (ω = 
dθ/dt), t is the current time of movement of the winding point.  

With a small wound thickness, the parameter a does not 
change its value during the winding process therefore, we can 
consider a =const, and the current winding radius is calculated 
using the Archimedean spiral [Kutin 2018] (in Russian): 

𝜌(𝜃) = 𝜌0 + 𝑎𝜃                                                                                 (3) 

and the length of the composite layer of the wound material is 
calculated using a simplified formula for straightening the spiral 
arc [Kutin 2004]: 

𝐿 =
𝑎𝜃2

2
+ 𝜌0𝜃 =  

𝜌2−𝜌0
2

2𝑎
.                                                                  (4) 

Equation (4) relates the motion of the winding point p (θ) in a 
projection on a plane perpendicular to the axis of rotation to the 
length of the composite layer L(θ). According to equation (1), to 
determine the winding density γ (θ), this is not enough, and it is 
necessary to calculate the length of the wound material D(ρ). To 
do this, we must consider the movement of the winding point on 
the mandrel surface in a cylindrical coordinate system. In a 
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cylindrical coordinate system, the position of the winding point 
𝑟 at time t, in addition to the coordinates p, θ, will be determined 
by the coordinate z (r={p, θ, z}), which sets the value of the 
segment on the forming cylindrical surface from the plane 
perpendicular to the axis of rotation in which p and θ are 
deposited, to the winding point. 

The range of changing the z coordinate is limited by the length 
of the mandrel (0 ≤ z ≤ H). In this range, the movement of the 
winding point along the forming cylindrical surface is 
determined by the movement of the spreader in the end zones 
and in the regular zone (Н = НT + Нр + НT). In the end zone HT of 
the shell, where the laying device reverses, the winding is 
carried out along the line of equal geodesic deviation [Komkov 
2012]. In this zone, there is a smooth change in the angle of 
winding βT of the material on the shell from the calculated 
value β to the limit value βL = π / 2 when the velocity VT of the 
laying device changes from the value V to 0 or vice versa. In the 
regular zone Нр the velocity of the laying device is constant 
(VT =V = const), so 

𝑟 = {𝜌, 𝜃, 𝐻𝑇 +
𝐻𝑇

2
[1 − (−1)𝑛] + (−1)𝑛𝑉 ∙ 𝑡} at    

НT < z < НT + Нр                                                                                 (5) 

where n is the number of laying device reverses (n = 0, 1, 2, 3…). 
When it is impossible to neglect the width g of the wound 
material or group of threads, the z coordinate is the coordinate 
of the point lying in the middle of the place occupied by the 
wound material in the zone of its contact with the wound body, 
on the forming cylindrical surface. In this case, the changing 
range of the z coordinate will be reduced by the value g (0 ≤ z ≤ 
H - g), since the range of thread layout in the end zones of the 
mandrel will be reduced 𝐻𝑇

∗  (𝐻𝑇
∗ = HT - g/2). 

In the end zones the velocity VT of the laying device varies from 
0 to V and vice versa. Considering the small size of these zones 
in relation to the regular zone, the movement of the winding 
point in them can be approximated equally slow or equally 
accelerated, then: 

r = {ρ, θ,
HT

2
[1 − (−1)n] + (−1)nV ·

t

2
}       

at    0 ≤ z ≤ НT                                                                                   (6) 

  r = {ρ, θ, (HT + HP) +
HT

2
[1 − (−1)n] + (−1)nV ∙

t

2
}   at    

НT + НP ≤ z ≤ Н                                                                                (7) 

The current value of the angle of winding βT of the material on 
the shell are in these zones, where the laying of turns is carried 
out along the line of equal geodetic deviation, depends on the 
angle of geodetic deviation φ, which characterizes the 
equilibrium of the thread (fiber) on the surface of the mandrel. 
The tangent of this angle is the ratio of geodesic curvature to 
normal [Komkov 2012]: 

𝑡𝑎𝑛 𝜑 = 𝐾𝑔𝑑 𝐾𝑛⁄ = 𝑅𝑛 𝑅𝑔𝑑⁄                                               (8) 

where 𝐾𝑛 and 𝐾𝑔𝑑  , 𝑅𝑛 and 𝑅𝑔𝑑 are normal and geodesic 

curvatures of a turn and their radius. The normal curvature is 
determined from the Euler equation: 

   𝐾𝑛 = 𝐾1𝑐𝑜𝑠2𝛽т + 𝐾2𝑠𝑖𝑛2𝛽т ,                     (9) 

where 𝐾1 and 𝐾2 are the largest and smallest normal curvature 
of the surface at the point of winding. In this case, for a line of 
equal geodesic deviation 𝐾1 = 0 and 𝐾2 = 1/𝜌 . 

From equation (8), considering (9), it follows: 

  𝑅𝑔𝑑𝑡𝑎𝑛𝜑 = 𝜌 𝑠𝑖𝑛2𝛽т⁄   .                     (10) 

Radius Rgd of the geodesic curvature of the coil for the unfolding 
cylindrical surface of the mandrel (Fig. 1) can be calculated from: 

   𝑅𝑔𝑑 = 𝑑𝑠 𝑑𝛽т = 𝑑𝑧/(𝑑𝛽т𝑐𝑜𝑠𝛽т)⁄   .                    (11) 

 

 

Figure 1. Radius of geodesic curvature of the turn 

After substituting (10) into (11), we get: 

  𝑑𝑧 =
𝜌

𝑡𝑎𝑛𝜑

𝑐𝑜𝑠𝛽т

𝑠𝑖𝑛2𝛽т
𝑑𝛽т                   (12) 

Integrating the expression (12) allows us to find the dependence 
of the winding angle βT on the value of the movement of the 
winding point along the z coordinate axis in the end zones when 
z changes from 0 to НT or from Н to НT + Нр : 

  𝑡
1

𝑠𝑖𝑛 𝛽т
= 1 + |[𝑧 −

𝐻

2
(1 − (−1)𝑛)]

𝑡𝑎𝑛𝜑

𝜌
|   .                (13) 

The modulus of the summand in (13) is caused by a change in the 
direction of movement of the thread laying device and, 
accordingly, a change in the direction of reference point of the 
winding angle. 

Similarly, the dependence of the winding angle βT when 
changing z from НT + Нр  to Н or from НT to 0 is determined: 

 
1

𝑠𝑖𝑛 𝛽т
=

1

𝑠𝑖𝑛 𝛽
− [

𝐻𝑇+𝐻𝑃)

2
(1 − (−1)𝑛+1) + (−1)𝑛+1𝑧]

𝑡𝑎𝑛𝜑

𝜌
   (14) 

The current value of the winding angle βT is related to the angle 
of rotation of the mandrel in the end zone θτ by a differential 
ratio (see Fig.1 [Komkov 2012]) : 

  𝑡𝑎𝑛𝛽т =
𝜌𝑑𝜃𝜏

𝑑𝑧
  ,  𝑑𝜃𝜏 =

𝑑𝑧 𝑡𝑎𝑛𝛽т

𝜌
  .                     (15) 

After substituting (12) into (15) and integrating, we get: 

   𝜃𝜏 =
1

𝑡𝑎𝑛𝜑
[𝑙𝑛 (𝑡𝑎𝑛

𝛽т

2
) − 𝑙𝑛 (𝑡𝑎𝑛

𝛽

2
)] .                                    (16) 

When the end zone is completely passed by the laying device the 
mandrel will turn at an angle in accordance with (16):  

  𝜃𝑟 =
1

𝑡𝑎𝑛𝜑
𝑙𝑛 (

𝑠𝑖𝑛 𝛽

1−𝑐𝑜𝑠 𝛽
) .                                             (17) 

The angle of winding the material on the shell βT in the regular 
zone is determined by the velocity of the laying device and 
reaches the value β (Fig. 2). It can be calculated based on the 
ratio of the distance h passed by the laying device during t1 of 
one turn of the mandrel (t1 =2π/ω at ω = const) to the value of 
the winding circle length β: 

ℎ = 𝑉 ⋅ 𝑡1 = 𝑉
2𝜋

𝜔
,  𝛽 = 𝑎𝑟𝑐𝑐𝑡𝑔(

𝑉

𝜌∙𝜔
)  ,                  (18) 
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Figure 2. Scanning a thread loop on a cylindrical surface 

The choice of the approximating function describing the motion 
of the winding point in the end area, the relationships describing 
the movement as equally slow (equally accelerated), allows you 
to calculate the time of passing the end zone by the laying device 
НT and the y position of the winding point on it: 

  𝑡𝑟𝑒𝑣 =
2𝐻т

𝑉
 ,      𝑦 =

𝑡𝜏∙𝑉

2
 ,    𝑧(𝑦) = (−1)𝑛𝑦 +

𝐻

2
(1 − (−1)𝑛) (19) 

where tτ - current time of movement of the laying device in the 
end zone, tτ ∈ [0, τ]. 

Taking into account βT in (13) or (14) and z in (19), equation (16) 
is a function θτ, depending on the time tτ, according to which the 
angular velocity in the end zone is determined: 

   𝜔𝜏 =
𝜃𝜏(𝑡𝜏)

𝑡𝜏
                      (20) 

The last expression is necessary for generating control actions on 
the mandrel drive in order to regulate its angular velocity when 
the winding point moves in the end zones during the formation 
of a composite product. Thus, the dependencies 
(13,14,16,19,20) allow us to make the necessary and correct 
changes to the algorithm for controlling the winding process 
[Kutin 2018] and increase its efficiency. 

The value of the length of the end zone НT of the shell, where the 
laying device reverses, according to (13) and (14) is associated 
with the angle of geodesic deviation φ by the formula [Komkov 
2012]: 

  𝐻т =
𝜌

𝑡𝑎𝑛𝜑
(

1−𝑠𝑖𝑛𝛽

𝑠𝑖𝑛𝛽
) ,      𝑡𝑎𝑛𝜑 =

𝜌

𝐻т
(

1−𝑠𝑖𝑛𝛽

𝑠𝑖𝑛𝛽
).                  (21) 

The length of the wound material D is calculated according to the 
movement of the laying device. The distance h passed by the 
laying device in the regular zone during t1 of one rotation of the 
mandrel (t1 =2π/ω at ω = const) is calculated using the formula 
(18). The velocity of the laying device determines the winding 
angle β (Fig. 2). At this angle β, the material to be wound is fed 
in the so-called regular zone HP of the cylindrical shell, where the 
velocity of the laying device is constant (V = const). As shown in 
the scan (Fig. 2), the length of one turn of wound threads in this 
zone is determined by the expression: 

  𝐷в = √(2𝜋𝜌(𝜃))2 + ℎ2 = √(2𝜋𝜌(𝜃))2 + (
2𝜋𝑉

𝜔
)

2
   .           (22) 

 

With this in mind, the length of the coiled threads in the regular 
zone HP  of the mandrel is calculated as follows: 

 𝐻р/ℎ ∙ 𝐷в =
𝐻𝑝𝜔

2𝜋𝑉
 √(2𝜋𝜌(𝜃))2 + (

2𝜋𝑉

𝜔
)

2
 ,                  (23) 

 

where Hр/h is the number of revolutions made by the mandrel 
when winding in the regular zone Нр. 

In the end zone НT, where the laying device reverses, the length 
of the wound material s is determined based on the previously 
specified differential ratio (12) and the ratio that occurs in the 
curved triangle (see Fig. 1): 

𝑑𝑧 = 𝑑𝑠 𝑐𝑜𝑠𝛽т  .                                                     (24) 

After substituting (24) into (12), we get: 

𝑑𝑠 =
𝜌

𝑡𝑎𝑛𝜑  𝑠𝑖𝑛2𝛽т
𝑑𝛽т                      (25) 

Integrating, we get: 

𝑠 =
𝜌

𝑡𝑎𝑛𝜑
∫

1

  𝑠𝑖𝑛2𝛽т
𝑑𝛽т

𝜋/2

𝛽
=

𝜌

𝑡𝑎𝑛𝜑
(−𝑐𝑜𝑡 𝛽т)|

𝛽

𝜋

2
=

𝜌

𝑡𝑎𝑛𝜑
𝑐𝑡𝑎𝑛 𝛽 .                                         

(26) 

Taking into account (18) the length of the threads in the reverse 
zone is: 

 

  𝑠 =
𝜌

𝑡𝑎𝑛𝜑
 

𝑉

𝜌𝜔
=

𝑉

𝜔 𝑡𝑎𝑛𝜑
  .    (27) 

Adding (23) and (27), we find the length of the material that is 
wound in one pass of the laying device: 

     𝜆𝑐 =
𝐻𝑝𝜔

2𝜋𝑉
 √(2𝜋𝜌(𝜃))2 + (

2𝜋𝑉

𝜔
)

2
+

2𝑉

𝜔 𝑡𝑎𝑛𝜑
 .                   (28) 

However, it should be noted that the calculation of the winding 
length, taking into account the presence of the mandrel rotation 
sensor in the control device [Kutin 2018], should be carried out 
using the number of revolutions made by the packing as an 
argument. In this case, the integral for (25) is the following 
expression: 

𝑠т =
𝜌

𝑡𝑎𝑛𝜑
∫

1

  𝑠𝑖𝑛2𝛽т
𝑑𝛽т

𝜋/2

𝛽т
=

𝜌

𝑡𝑎𝑛𝜑
(−𝑐𝑡𝑔 𝛽т)|

𝛽т

𝜋

2
=

𝜌

𝑡𝑎𝑛𝜑
𝑐𝑡𝑎𝑛 𝛽т  ,                                                                                (29) 

or, considering (16): 

     𝑠т =
𝜌

𝑡𝑎𝑛𝜑
𝑐𝑡𝑎𝑛 𝛽т(𝜃𝜏) ,                    (30) 

where 𝜃𝜏(𝜃)is sequentially adding elements of the material 

length obtained according to (23) or (30), we calculate its total 

value: 

      𝐷𝑘 = 𝐷𝑘−1 +

{

𝜌

tg𝜑
(cot 𝛽т(𝜃) + 𝐶𝛥𝛽т

) , if the winding point is in the end zone,

2𝜋𝛥𝜃√(2𝜋𝜌(𝜃))2 + (
2𝜋V

𝜔
)

2
, if in the regular zone,

     

                                                                                                          (31) 

where 𝛥𝜃 is increment of θ since the calculation of the 
penultimate value Dk-1 of the length of the wound material, 𝛥𝛽т 
– increment of 𝛽т , 𝐶𝛥𝛽т

 – integration constant (25), determined 

by the increment value 𝛥𝛽т of the winding angle, 𝜌(𝜃) we 
consider it a constant value when the material (thread) is moving 
until the direction changes. 

Using (31), where D(ρ) = Dk, the winding density γ (θ) is 
calculated according to (1). As the analysis of expression (1) 
shows, to form a composite winding with equal technological 
parameters (radius, length, density), it is necessary to maintain 
the actual velocity of movement of the winding point equal to 
the theoretical one. In practice, this means that you need to 
maintain the actual radius of the formed winding equal to the 
theoretical one for each current value of the rotation angle θ of 
the mandrel. The value of the deviation of the actual winding 
radius from the theoretical radius at this value of the rotation 
angle should be used to build a control system for the winding 
formation process. It is necessary to influence the winding with 
a variable force [Hashimoto 2016], [Hashimoto 2010], 
adequately responding to all random disturbances and ensuring 
equality between the actual and theoretical winding radius. 
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3 CONTROL DESIGN 

Some robotics-based control devices had been studied in the last 
decade [Weifeng 2013], [Quanjin 2018], [Sorrentino 2017], but 
in this paper a novel control device was designed to implement 
the proposed method as shown in Fig. 3.  

 

Figure 3. Block diagram of the control unit for monitoring the winding 

layer formation 

 

The device includes a mandrel rotation sensor 1, a winding 
radius sensor 2, a winding formation control unit 3, a digital-to-
analog converter 4, a matching device 5, an electromagnetic 

coupling 6, a sealing body 7, and a mandrel 8. In the permanent 
storage device of the control unit 3, constant values are entered: 

the values of the radius 0 of the mandrel, its width H, and the 
value r of the nominal theoretical increment of the winding 
radius. Based on the initial data, the coefficient b = MT/(πH) is 
calculated, the value of which is entered into the random-access 
memory (RAM) of block 3. In addition, block 3 calculates the final 
number of turns of the mandrel nk and the number of turns K2 of 
the mandrel through which the pressure roller must move by an 
amount equal to r.  

Any PC-compatible industrial controllers, such as the Adam-5000 
series controllers manufactured by Advantech or similar from 
other manufacturers, can be used as the control unit 3. During 
winding, the sensors measure the actual winding radius, the 
value of which is recorded in the memory cell of the computing 
device. For the given number of mandrels turns, the theoretical 
winding radius is calculated in accordance with the 
mathematical model. When the computing device counts the 
specified number of turns of the mandrel, the sealing body is in 
a fixed position, that is, it is not withdrawn, which allows you to 
quickly achieve the cylindrical winding. After calculating the set 
number of turns of the mandrel and calculating the theoretical 
winding radius, its value is compared with the actual radius. The 
information obtained as a result of the comparison allows the 
computing device to determine the value of the diversion of the 
sealing body of the winding unit and issue a signal to the 
Executive mechanism for the forced diversion in order to ensure 
equality between the specified radii. When the number of turns 
of the mandrel reaches the final set value nk, the winding process 
is completed. 

The MATLAB application package was used to simulate the 
process of controlling the density of composite winding. The 
MATLAB app allows you to analyze device performance and data 
on each of its individual knot. Figure 4 shows the control process 
model built in " Simulink». The simulation results are shown in 
Figure 5. In particular, the change in the actual winding density 
during the winding process is shown. 

 

Figure 4. Dynamic model of the control process 

 

Figure 5. Changing the winding density during the winding process 

4 CONCLUSIONS 

A sufficiently effective solution is proposed for controlling the 
density of the composite winding in order to stabilize the stress-
strain state of cylindrical composite products by changing the 
radial increment of the winding layers and preventing the action 
of random factors. Its effectiveness is due to the principle of 
direct action of the sealing member on the wound body and the 
low cost of the control system in contrast to other proposals in 
this area. based on the authors experience in robotics and field 
[Zhigailov, 2016], [Musalimov, 2018], future studies are planned 
to implement more mechatronics aspects to improve the 
composite windings solution. 
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