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PROBLEM OF AUTOMATIC CONTROL
AND NUMERICAL MODELING OF THE SPEED OF OPTICAL FIBER
EXTRACT IN THE PROCESS OF ITS MANUFACTURE

Abstract. This paper describes the basic design of the drum for pulling optical fiber. This is a key element that
affects the speed and tension of the optical fiber, and ultimately its main geometrical parameters, such as the
diameter and shape of the cross section, whose stability determines the performance characteristics of the finished
optical fiber. Also, the work is devoted to the development of a mathematical model of the drum (coil), taking into
account the dynamic equation of motion, inertia and speed changes. An open loop transfer function is obtained for a
belt pulley, a motor and a speed controller with feedback control in proportion to an integral controller. A transient
process was obtained through the channel “drawing speed - diameter” for various types of exhaust drums.

Keywords: optical fiber hood, optical fiber exhaust drum, pulley, pulley diameter, optical fiber diameter, PI -
regulator, drawing speed.

I. INTRODUCTION

A critical point in the production of optical fiber is the constancy of the diameter of the fiberglass and
its light-guide core. The diameter of the optical fiber must remain constant in order to create a product
capable of transmitting broadband optical data. The design for pulling the optical fiber has a significant
impact on the quality of the fiber produced. As well as the manufacture and use of Bragg fiber-optic
gratings is not possible without measuring their characteristics at each stage of manufacturing the gratings
themselves [1], it is necessary to control the drawing process of the optical fiber, since it is at the
production stage that its performance characteristics are laid.Since the exhaust speed is used to control the
fiber diameter, the ability of the exhaust device to follow speed control commands directly affects the
resulting fiber diameter [2 —5].

II. RESEARCH MODEL

The basic design of the fiber pulling drum is a flexible strap, partially wound on a flat pulley, which
moves / pulls the continuous optical fiber all the way from the heated billet. The tests confirmed the
connection between the fiber diameter and the line speed around the operating point. The basis of the
relationship is a constant volumetric flow rate of glass.

Changes in fiber diameter often occur due to technological failures such as unevenness of the
diameter of the workpiece, inconsistency between the volume flow rate of the feed of the workpiece
relative to the hood and the temperature shift of the furnace / glass. Thus, a speed regulator must be
included in the design of the spindle to prevent unacceptable changes in fiber diameter from technological
disturbances [6].
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The target dimensions of the fiberglass are the outer diameter of 125 microns and the inner diameter
of the core is 9 microns. Product specifications provide tolerances for an outer diameter of £ 1 pm. To
achieve this specification, the permissible diameter error must be aimed at a smaller size. As a rule, the
allowable deviation of the calculated diameter is £ 0.1 um. Mechanical, electrical and control structures of
the exhaust drum synergistically affect the ability to achieve this tolerance on the fiber diameter.

With specified tolerances, the next step will be to understand how the selected design parameters of
the drum affect the final product. Although many decisions must be made in any project, there are usually
a limited number of critical parameters that have a significant impact on performance. These options
include:

- Diameter and tolerances for connecting rod pulley;

- limits of inertia;

- Belts, contact length and bearings;

- Torques and speeds of engines;

- Gain control;

- Maximum limits of current and amplifier power.

In this system, the mechanical design and the control design affect the overall performance of the
system. The main mechanical design solution is the pulley diameter. The required line speed and
machining tolerances are the basis of the design. When there is no interference, they determine the
maximum possible changes in diameter.

In a typical cable drive, belt tension, damping and bearing loads are present. The tension of the belt is
much higher than the slight tension of the fiber, necessary for its tension (usually from 50 to 100 grams).
The dynamic effects of the belt and bearings can be perceived as viscous damping and additional inertia.

The material of the belt, the contact length and the belt tension must be selected appropriately to
ensure that the belt slides with respect to the belt pulley. Belt / drum friction and the prevention of damage
to the fiber coating are other key factors.

Non-standard drives with smaller diameters are preferred. In addition to less mass inertia and faster
dynamic response with less control effort, they have less material and lower processing costs. The
diameter of the driving pulley is limited at the lower end by the mechanical strength of the fiber under
tension and bending. Experiments have shown that the smallest permissible diameter is 75 mm. The
diameter selection must also take into account machining tolerances and maximum engine speeds. Half of
the design error (0.05%) is embedded in the mechanical tolerances, and the other half is assigned to the
control circuit. Potential processing tolerances of & 0.05 mm in diameter indicate that a diameter of 100
mm or more should be used to achieve the maximum design error.

The moment of inertia of the mass of the spindle roller is a parabolic function of the diameter. The
lower the inertia of the pulley, the less effort and power control is required. As such, smaller diameter
pulleys are more desirable, given the effects of control and inertia.

Another important factor in the design of the exhaust drum is the maximum engine speed. In order to
control the diameter at a normal drawing line speed of 50 m / s, the maximum line speed must be higher.
Based on the requirements for speed, there are two possible diameters. For an engine with a limit of 4000
rpm, a pulley diameter of approximately 300 mm (or more) is required. A pulley diameter of about 200
mm is the minimum required diameter for a limit of 6000 rpm. With previously established design
preferences for pulleys of smaller diameter, a pulley with a diameter of 200 mm is a logical choice if there
is an engine with a maximum speed of 6000 rpm or more that meets electrical requirements.

The motor can be selected for each of the two possible diameters (200 mm and 300 mm) of the drive
pulley. The choice of motor depends on several factors, including maximum speed, torque, inertia, current
and power limits. The motor must be able to withstand the power limits of the controller amplifier 800
watts per axis continuous and 1600 watts peak. The rated current of the motor must be greater than the
maximum amplifier current of 10A to prevent overheating.

For a pulley with a diameter of 300 mm, an engine rated for 4000 rpm or more is required. The
preferred design is a retainer with a smaller pulley (diameter 200 mm).

— §f —
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III. CONSTRUCTION OF THE MATHEMATICAL MODEL
Dynamic equations of motion for the belt pulley system are developed using the listed parameters:

J& =-Bw+ Tongine (D
where J - is the moment of inertia; B - rotational damping; w - engine rotation speed; T4 - €ngine
torque.

The motor torque 7,gne 18 a function of the applied current i(?) and the integral gain Ki:
Tengine = K,l(t) (2)
Substituting equation (2) into equation (1) gives the equation:

Jcommon o=-Bow +Ki l(t) (3)

The moment of inertia relative to the center of rotation of the drum is the sum of the inertia of the
rotor, pulley, belt and motor rollers:

Jcommon = Jengine + qullev + Jbelt + Jmotorrol (4)

The spindle pulley can be modeled as a rim and flange (p the thickness of the drive pulley rim):

1 O]
]pulley = Ivlrimr2 + EMflange(r - 2“)2
The moment of mass inertia for the belt and three rollers is expressed in the formula:
1 (6)
Ivetr + Jrotier = 1\/Ibeltr2 +3 (E Mrollerrrzoller)
The effective damping of the system is the sum of the damping from the bearings and the belt:
Bcommon = Bbelt + Bbearing (7)
To estimate the damping, we transform equation (3):
B K;
0:) + com w = l i(t) (8)
]com ]com
Applying the Laplace transform, we get:
B K;
sQ(s) + —=Q(s) = ——I(s) ©)
]com ]com
From equation (9), the transfer function between speed and current can be obtained:
as) K; (10)
s
Guls) = =2 = —Jeem
I (S) s 4 —com
com

Using formula (10), the total damping (7) can be estimated from the current input step and velocity
data. The root of the first-order system of equation (10) is real and negative. Since the damping values are
usually small, the response of the engine can be relatively slow, so control is needed to effectively reduce
noise [7].
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IV. OPTICAL FIBER EXTRACT VOLTAGE CONTROL

The diameter error is used to change the setpoint of the speed of the tensioning mechanism, based on
a constant volume flow. The volumetric flow rate is the square of the fiber diameter multiplied by the
spindle pull rate and 7 / 4. Positive diameter error requires a positive increase in speed to reduce the
diameter. The change in motor speed from the change in diameter is relatively small.

The speed change is added to the original speed setpoint. Thus, the control of the fiber diameter is the
exact setting of the speed setpoint [8].

The transfer function of the drum speed without feedback, Gy (s) is a first-order system and gives an
exponential function of time for an abrupt change in current.

(t) = A[(Ki )[1_exp_(BCﬂ>t] © (11)

com ]com

Although high-gain proportional control can reduce error, a steady-state error can be eliminated with
a compensator with proportional and integral (PI) control:

K;
C(s) =K, <s+ K_>
D

When creating a fiber, the main prerequisite for drum operation and speed control is a constant
volume flow of glass Q. The control logic is to increase the specified nominal speed of the drum if the
fiber diameter is too thick, or reduce it if it is too small. Thisisexpressedinformula (12) andtheequation:

(12)

Y T
Q = erddczwt = ernomd%om (13)
o = o () (14
d HOM daKT

Typical changes in the diameter of the glass preform can be approximated as a 2% change per 10 mm
of the preform length. The ratio of the preform diameter to the fiber diameter is approximately 700: 1.
Squaring gives a volume ratio of 490,000: 1. Thus, a drawing time of 10 mm of the workpiece (or 4900 m
of fiber) will be approximately 100 s (the speed of the fiber line is 50 m / s). Squaring the diameter error
gives a 4% change in volume per 10 mm length of the workpiece. This volume error will be taken into
account in the control project by changing the setpoint for the drawing rate. Assuming a linear function of
linear variation for the working diameter (input), the linear velocity of the fiber will require a speed
change of 0.04% per second to keep the fiber diameter constant. In addition, this corresponds to 1.25 s for
uncontrolled fiber diameter in order to deviate to half the tolerance (deviation 0.05%). Thus, it is desirable
to maintain a settling time of less than one second for the internal speed loop in order to reduce the
dynamic effects on the external control loop.

The open loop transfer function for the belt pulley, engine, and speed controller is shown in equation
15. The speed controller C(s) was designed with PI feedback control.

0 &G+ g (15)
(O =g =, (Beom
S T ]S

Integral and proportional gains, Ki and Kp, were determined using root loci and modeling methods.
Responding to speed fluctuations with insufficient damping, which can cause a significant speed error,
should be avoided, so all the roots were intended for a negative real axis. From the point of view of the
frequency domain, it was desirable to have a high ratio of integral to proportional gain (Figure 1).

— § —
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V. THE NUMERICAL EXPERIMENTS RESULTS

Experimental studies were carried out, which allowed to obtain a transient process on the channel
"drawing speed - diameter" for various types of exhaust drums. Thus, Figure 2 shows the frequency
response of the mechanism with adjustable speed, which has two pinched disks, one of which is connected
to the engine or a drum, onto which the tire is automatically wound. The engine was connected by a 1:60
gearbox, and the diameter of the disk was 19 cm. Due to the high degree of reduction, we can assume that

the engine runs almost without load. This process corresponds to a monotonic function of the second order
separated by real poles:

_ 3 (16)
60) = 563 + 1958)
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Figure 1 - Transition on the channel "drawing speed - diameter"

If it is necessary to use a pulling mechanism with a drum (which usually occurs when several fibers
are simultaneously pulled and rotated), the dynamics are somewhat different.

Figure 3 shows the recorded frequency response of the exhaust mechanism using a plastic drum 15
cm in diameter. Weobtainthetransferfunction:

s+ 208 (17)
(s + 1463) (s + 417)

Gy(s) =
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Figure 3 - Transient for a variable speed exhaust mechanism (disc diameter 19 cm)
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Figure 5 - Transient for exhaust mechanism with a metal drum
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If a metal drum with a diameter of 31.8 cm and a weight of 5.3 kg is used, an increase in the
frequency response is observed in the region of 2 Hz (Figure 5). This is due to the lower efficiency of the
electronic brake in the regulator due to the relatively heavy drum. In this case, the transfer function:

(s+ 0.7)(s + 17) (18)
(s +83)(s + 128) (s + 729)

Gs3(s) =

The transport delay of the diameter measurement system was determined to be 0.4 s.
Based on the data obtained, a synthesis was performed of the transfer function associated with the
drawing process and the transport delay of the diameter measurement system:

0,01e~04s (19)
s2+0,816s + 0,118)

Gp(s) =

The transfer function can be written in a more general form as:

Ke™ (20)
(Tys + 1) (Ts + 1)

G(s) =

where T;~ L / vf, that is, it is proportional to the hydrodynamic properties of the system (vf - is the
extraction rate, L - is the length of the furnace), that is, it is proportional to the hydrodynamic properties of
the system. The second time constant 7, is proportional to the thermal properties of the system, i.e. 72
~mCp / k, where m - is the mass of molten glass, Cp - is the specific heat capacity, and & - is the heat
transfer coefficient.

VI.  CONCLUSION
There has been presented the basic design of the drum for pulling fiber. Critical parameters, drum
operation, which have a significant impact on the performance of optical fiber, have been determined. The
maximum engine speed in relation to the pulley diameter has been determined. A mathematical model has
been developed for the operation of a drum (coil), taking into account the dynamic equation of motion,
inertia, change of speed, and using proportionally an integral controller. An open loop transfer function is
obtained for a belt pulley, a motor and a speed controller with feedback control in proportion to an integral
controller. A transient process was obtained through the channel “drawing speed - diameter” for various

types of exhaust drums.

B.Byi’lubllcl, A.C.Tepreycmol;a2

! Tro6IMHIIK TEXHUKATBIK yHuBepcuTeTi, Jlroonun, [lonpma;
28n-<1)apa614 ateraaarel Kasak yiTTeIK yHUBepenTeTi, AnMatel, Kazakcran

ONTHUKAJBIK TAJIIBIKTHI CO3Y MPOIECTH TAWBIHIAY KE3THAETT OHBIH KBIJIJIAMJIBIFBIH
CAHJIBIK MOJAEJIAEYI MEH ABTOMATTbBI BACKAPYBIHbIH MAKCATbBI

AnHoTammsi. ONTHKAJIBIK TANIIBIKTE CO3y YIIiH OapabaHHBIH 0a3ablK KYpaMbl CHIATTaIFaH. ByJl ONTHUKAJIBIK TaIIIBIKThI
CO3y MEH >XBUINAMIBIFBIHA OCEp €TETiH OacThl JJIEMEHT, HOTW)KEHIH COHBIHIA OHBIH KOJJICHEH KHMACHIHBIH IMilIiHI MeH
MaMeTpiHe, SFHU HETi3Ti TeOMETPUSUIBIK mapamepiepine acep ereli. OHBIH OPHBIKTBUIBIFBI JAbIH ONTHKAIBIK TaJIIBIKTaP IbIH
nalianaHy cunaTramMaiapblH aHbIKTaiabl. COHBIMEH KaTap KO3FaIBICTHIH ANHAMUKAIBIK TeHACYIH, KBUIIAMIBIKTEIH e3repici MeH
MHEpPIVSACHIH €CKepe OTBIPHIN, Oyl >kyMbIc OapabaH (OpaybllI) >KYMBICHIHBIH MaTeMaTHKaJbIK MOJEIIH OHAEyre apHaiFaH.
PemeHni IIKMBTIH, KO3FAJITKBILUTHIH KSHE Kepi OailJlaHBICHI IPONOPLUOHAIIBI-UHTETPAIABIK IKBUIIAMIBIK pETTErilliMeH
OaKpIIaHATBIH @KBIPATBUIFAH KOHTYPIbIH Oepinic ¢yHKuuschl anbiHFaH. «Co3y JKbUIZAMIBIFEL - JUAaMETpP» KaHaJbl OOWBIHIIA
SpTYpIi THOTI co3y OapabaHaapkl YIiH OTIENI NpoLec ajJbIHFaH.

TyiiiH ce31ep: ONTUKAIBIK TAIIBIKTH CO3Y, ONTUKAJIBIK TAIILIBIKTBIH CO3y 0apabaHbl, IIKMB, IIKUB JUAMETPi, ONTHUKAJIBIK
TaJIIBIKTBHIH THAMETPi, PETTEYIL, COY KbLIAAM/IbIFbL.
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! TroGmuHcKuit TexHmueckuii yansepentert, JIio6muH, [Tombma
’Ka3axCKuil HAIMOHAIBHBIH YHHUBEpCcHUTET UMeHH anb-Dapabu, Anmarsl, Pecrryonmka Kazaxcran

3AJJAYA ABTOMATHYECKOI'O YIIPABJIEHUSA 1 YACJIEHHOT'O MOJEJUPOBAHUSA CKOPOCTH
BBITSKKH OIITUYECKOI'O BOJIOKHA B TPOLECCE ET'O U3I'OTOBJIEHUS

AHHoTanms. B pabote naHo omucanue 6a30BoH KOHCTpyKLus Oapa®aHa IJIs BBITATHBAHHUS ONTHYECKOTO BOJOKHA. JTO
KJIIOUEBOW JJIEMEHT, KOTOPBIil BIHACT HA CKOPOCTh M HATSHKCHHE ONTHYECKOrO BOJIOKHA, a B KOHEYHOM HTOIC Ha €r0 OCHOBHBIC
TEOMETPHYECKHE IapaMeTpbl, TaKHe Kak AWaMeTp U (opMa IONEepevyHOro CEYEeHHs, CTAOMIBHOCTH KOTOPBIX OINpPENEIISIOT
HKCILTyaTallHOHHBIC XapaKTEPUCTHKU FOTOBOTO ONTHYECKOrO BOJIOKHA. Taroke paboTa IMocBsIeHa pa3paboTKe MaTeMaTHIECKOi
Mozmenu paboThl OapabaHa (KaTyIIKH) C Y4e€TOM AWHAMHYECKOTO ypPaBHCHUS IBIKCHHS, WHEPIUM M HM3MCHEHHS CKOPOCTH.
IMonyuyena nepenaroyHasi GyHKIUS Pa3OMKHYTOrO KOHTYpa IS PEMEHHOTO IIKMBA, ABUTATENS W PETYISATOpa CKOPOCTH C
KOHTpOJIEM OOpaTHOIl CBS3M NPOIOPLHOHANIEHO — HHTErpajbHBIM peryistopoM. IlomydyeH mepexomHOil mporecc o KaHary
«CKOPOCTB BBITSDKKH - JUAMETP» JUISl PA3IMYHBIX TUIIOB BBITSDKHBIX OapaOaHoB.

KiioueBble c10Ba: BHITSKKA ONTHYECKOTO BOJIOKHA, BBITSHKHOH OapabaH ONTHYECKOrO BOJIOKHA, IIKHB, JMAMETp IIKHBA,
JMaMETpP OITHYECKOro BOJIOKHA, [T - perymnsaTop, CKOpocTb BBITSIKKH.
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