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FOREWORD

Cross-cutter systems are simple rotary systems that are widely used in the industry to
cut sheet metal, paper and the like with a rotary knife motion. However these
systems present a unique example which has two different movement zones and
native time delay in their speed responses. This thesis takes on the control problem of
this unique system with a different discrete time matrix approach for time delayed
systems.

I would like to present my sincerely thanks to my advisor Asst. Prof. Ali Fuat
ERGENC who has helped me in all layers of the problem and the solution.

May 2013 Baturalp AKSOY
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CROSS-CUTTER SYSTEM LOAD TORQUE ANALYSIS, SYSTEM
CONTROL AND SIMULATION

SUMMARY

The cross-cutter system consists of a conveyor belt that is driven by a servo-motor, a
rotary knife that is also driven by a servo-motor and two optical sensors which are
directly positioned above the conveyor belt within a certain distance from the rotary
knife.

The cross cutter system will be modeled along with the load torque that is driven by
the cutting operation. This system will be controlled with a PID controller and
simulations will be conducted to determine cutting efficiency.

The linear velocity of the rotary knife must be equal to the linear velocity of the
conveyor belt within the range where the cutting operation occurs to avoid any strain
and deformation on the material web. This constraint reveals two different movement
zones for the rotary knife: The synchronization move and the make-up move.

The cut length will vary within three different cases depending on the knife velocity
assuming the belt velocity is constant.

If the rotary knife has a constant velocity that is equal to the conveyor belt velocity in
both its movement zones, consequently the cut length of the material will be equal to
the circumference of the rotary knife body.

In the case where the cut length is chosen greater than the rotary knife circumference,
the make up movement must be slower than the belt move to obtain greater length of
material passing under the rotary knife in the same amount of time.

In the case where the cut length is chosen smaller than the rotary knife
circumference, the make up movement must be faster than the belt move to obtain
lesser length of material passing under the rotary knife in the same amount of time.
Test environment of this thesis is the cross cutter system which is located in Control
Engineering Power and Motion Control Laboratory under the name of Rotary Knife
Motion Control Experiment Set.

Both the rotary knife and the conveyor belt servo-motors are driven by Allen-
Bradley Kinetix 6000 Servo Drives which are controlled by inputs from an Allen-
Bradley Logix 5563 PLC. PLC routines are written using RSLogix 5000 Professional
software. All components listed herein are products of Rockwell Automation.

A detailed analysis of acting forces during the cutting operation is conducted and A
PID controller is designed to control the rotary knife velocity. The results are
simulated and error rates are calculated for different piece lenght cases.
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DONEL BICAKLI KESME SISTEMLERINDE YUK TORKU ANALIZI,
SISTEM KONTROLU VE SIMULASYONU

OZET

Capraz kesici sistem, bir servo motor tarafindan tahrik edilen bir konveyor, ayn
zamanda, bir servo motor ve belli bir mesafede olan tasiyict kayis tlizerinde
konumlandirilmis iki optik sensor ve servomotor ile tahrik edilen bir donel bigaktan
olusmaktadir.

Kesici sistem ve kesme operasyonundan dogan yiik torku bu tezde modellenecek ve
bir PID kontrolor araciligiyle kontrol edilecektir. Kontrol edilen sistemin
simulasyonu yapilarak parca kesme islemindeki hata oranlar1 bulunacaktir.

Donel bicak dogrusal hiz kesme islemi malzeme tabakasi lizerinde herhangi bir yiik
ve deformasyonunu onlemek igin belirlenmis senkronizasyon araliginda konveyor
bandin dogrusal hizina esit olmasi gerekir. Bu kisitlama donel bigagi i¢in iki farkli
hareket bolgesi ortaya koymaktadir. Senkronizasyon hareket ve yetisme hareketi.
Kesme uzunlugu konveyor bandin hiz1 sabit kabul edilirse bigak hizina bagli olarak
ti¢ farkli durumda incelenir.

Donel bigak her iki hareket bolgesinde verilen konveyor bant hizina esit sabit bir
hizda ise, malzemenin kesme uzunlugu doénel bigak govdesinin cevresine esit
olacaktir.

Kesme uzunlugu donel bigak ¢evresinden daha biyiik segildigi durumda yetigsme
hareketinin, ayn1 zaman araliginda donel bigak altindan gecen malzemenin daha uzun
olmasi i¢in kayis hareketinden daha yavas olmasi gerekir.

Kesme uzunlugu donel bigak ¢evresinden daha kiigiik se¢ildigi durumda ise yetisme
hareketinin, ayn1 zaman araliginda donel bigak altindan gecen malzemenin daha kisa
olmasi i¢in kayis hareketinden daha hizli olmasi gerekir.

Iki fiber optik sensor malzeme uzunlugu geribildirimini saglamak igin dénel bigaktan
once konumlandirilmistir. Sensorlerden gelen farkli geri bildirimlere gére konveyor
bant tizerindeki isaretler uzunluklar1 atamak igin kodlanabilir.

Bu tezin test ortam1 Donel Bigak Hareket Kontrol Deney Seti adi altinda Kontrol
Miihendisligi Gii¢ ve Hareket Kontrol Laboratuvarinda bulunan donel bigakli kesici
sistemidir.

Donel bigak ve konveydr bant servomotorlari Allen-Bradley Kinetix 6000 Servo
Siiriictiler tarafindan tahrik edilmektedir. Siirticii girisleri Allen-Bradley Logix 5563
PLC tarafindan kontrol edilir. PLC rutinleri RSLogix 5000 Professional yazilimi
kullanilarak yazilir. Burada listelenen tiim bilesenleri Rockwell Automation
urtnaddr.

Kesme operasyonu sirasinda olusan gii¢lerin detayli bir analizi yapilmistir ve donel
bigak hizini kontrol etmek i¢in bir PID kontrolor tasarlanmustir.

Sonuglar simiilasyona sokularak farkli parca boylar1 i¢in kesme durumlari
incelenerek hata oranlar1 hesaplanmistir.
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1. INTRODUCTION

1.1 Purpose of Thesis

This thesis will take on a cross-cutter system with a rotary knife and a conveyor belt
to obtain a correct mathematical model of the comlete system motion and
subsequently apply a matrix technique for dominant pole placement in this time-

delayed system.

1.2 Introduction of the Cross-Cutter System

The cross-cutter system consists of a conveyor belt that is driven by a servomotor, a
rotary knife that is also driven by a servomotor and two optical sensors, which are
directly positioned above the conveyor belt within a certain distance from the rotary
knife.

Rotary Knife

/r ¥ Servo Motor
M,

SENSOR
£

Idle Roller

Conveyor Belt
¥ Servo Motor
M,

Wy = Wpgr
l,?: = Vbe!r

Distance from sensor

Idle Roller
I'd

Figure 1.1 : Cross-cutter conveyor system. (View from side)

The conveyor belt has 3 axis points that are positioned triangularly with respect to
each other. This is a common disposition which facilitates the removal of the belt
when and if necessary. The rightmost pulley in Figure 1.1, depicted as P, is driven

by a servo-motor which will allow velocity (w,) feedback and control. The other two



pulleys which are depicted in Figure 1.1 as P; and P, are idle rollers without a motor

in the setup this thesis will use.

A photo of the system is given in Figure 1.2.

Figure 1.2 : Cross-cutter system

The rotary knife is driven by a servomotor and consists of a circular body and a
triangular bulge on the outer diameter representing the cutter-knife. This body rotates
around the servo-motor axis to symbolically cut the web of material carried by the

conveyor belt as depicted in Figure 1.2.

Make-up move
w1, Vl

Synchronization move

Wsync: Vsy‘rl.c
Figure 1.3 : Rotary knife movements

The linear velocity of the rotary knife V;,,,. must be equal to the linear velocity of the

conveyor belt V,,;; within the range 8 shown in Figure 1.3 where the cutting



operation occurs to avoid any strain and deformation on the material web. This
constraint reveals two different movement zones for the rotary knife: The

synchronization move and the make-up move.

The cut length [, will vary within 3 different cases depending on the knife velocity

Vinire assuming the belt velocity V., is constant.

Case 1:

If the rotary knife has a constant velocity Vi, that is equal to the conveyor belt
velocity V. in both its movement zones (make up move and synchronization
move), consequently the cut length of the material ., will be equal to the
circumference Cy,;s. Of the rotary knife body.

v, = Ve = Vinire = Voett o5 Lot = Cionire = 2 (1.1)
makeup = Vsync = Vknife = Vpeit = leut = Lknife = £MTknife

Case 2:

In the case where the cut length [, is chosen greater than the rotary knife
circumference Cyp;re, the make up movement must be slower than the belt move to
obtain greater length of material passing under the rotary knife in the same amount of

time t.

yields 1.2
Vmakeup < Vbelt - lcut > Cknife ( )

Case 3:

In the case where the cut length [, is chosen smaller than the rotary knife
circumference Cyy;re, the make up movement must be faster than the belt move to
obtain lesser length of material passing under the rotary knife in the same amount of

time t.

yields 1.3

Vmakeup > Vbelt — lcut < Cknife ( )
Two fiber optical sensors are positioned before the rotary knife to allow material
length feedback based on markings on the material web as seen in Figure 1.4. The

feedback from the sensors could be encoded to assign lenghts to different feedbacks.



To give an arbitrary example: Single marker on the right could mean 50mm whereas

double markers could mean 75mm and single marker on the left could mean 25mm.

Piece length markers

SENSOR

Conveyor Belt

Moving direction

Figure 1.4 : Piece length sensor function. (View from top).

A photo of the sensors is given in Figure 1.5.

Figure 1.5 : Piece length sensors
1.3 System Configuration

Test environment of this thesis is the cross-cutter system, which is located in Control
Engineering Power and Motion Control Laboratory under the name of Rotary Knife
Motion Control Experiment Set.

Both the rotary knife and the conveyor belt servo-motors are driven by Allen-

Bradley Kinetix 6000 Servo Drives as seen in Figure 1.6.



® Allen-Bradley

Figure 1.6 : Allen Bradley Kinetix 6000

These drives are controlled by inputs from an Allen-Bradley Logix 5563 PLC which

is shown in Figure 1.7.



Figure 1.7 : Allen Bradley Logix 5563 PLC

PLC routines are written using RSLogix 5000 Professional software. All components

listed herein are products of Rockwell Automation.



2. SYSTEM ANALYSIS

2.1 PLC Routine

A simple main routine is written within RSLogix 5000 as seen in Figure 2.1 using
ladder programming to give speed inputs to the rotary knife servo-motor and to
obtain a closed loop system response for this input. Programming blocks used in the
routine are motion blocks, timer blocks and positive/negative switch blocks as seen
in Table 2.1.

Table 2.1 : RSLogix 5000 Motion Blocks Used In Rotary Knife Modelling Routine

Code Name Description

MSO Motion Servo On Activates the drive amplifier and servo loop for
the axis.

MSF Motion Servo Off  Deactivates the drive output and servo loop for the

axis.

MAJ Motion Axis Jog Moves an axis at a constant speed until stop input
received.

TON Timer On Delay Non-retentive timer that accumulates time when
enabled.

Rotary knife servo-motor is defined within the motion group as AXIS_02_Knife.
Two boolean variables named “ServoOn” and “start” are defined to act as software
switches in the routine. Two other variables “timer” and “timer2” are defined to be
used in timer (TON) motion blocks. Lines of the ladder routine are referred as

“rungs”.

A velocity trend is defined to track both “AXIS 02 Knife.ActualVelocity” and
“AXIS 02 Knife.CommandVelocity” signals to obtain a graph representation of the
input and output velocity values. This trend is triggered by the routine in Figure 2.1.

The movement of the rotary knife is sampled using 1ms sample size in this trend.

Rotary knife axis is controlled by a velocity gain PI controller within the PLC. An

arbitrary proportional gain K enige = 255,14368 and an arbitrary integral gain

Kipnize = 20,0 are set within the P1 controller for the AXIS_02_Knife.



ServoOn MSO
i] = = Motion Servo On EN s
Axis AXIS_02_Knife [Z] DN D=
Motion Control  AXIS_02_Knife_MSO ER>—
ServoOn PSF
1 ' E Mation Servo Off EN es—
Axis AXIS_02_Knife [...] DN ==
Motion Cortrol  AXIS_02_Knife_MSO ER>—
start TON
2 —] = Timer On Delay EN es—
Timer timer
Preset 1000 DI =
Accum 1000
timer.DN  ServoOn start s
3 —J == == Motion &xis Jog EN JeE=—
Axis AXI15_02_Knife [...]
Motion Control AXIS_02_Knife_MSO DM s
Direction 1]
ERD>—
Speed 50
1P ==
Speed Units Units per sec
timer DN (L E
4 = = Motion &xis Jog EN s
Axis AXIS_02_Knife [..]
Motion Cortrol  AXIS_02_Knife_MSO DN e
Direction 1]
—(ER>—
Speed 100
[ECIP D=
Speed Units Units per sec
timer DN TON
5 — F— Timer On Delay —CEN ——
Timer timer2
Preset 1000 € DN>—
Accum 0 €
(End)

Figure 2.1 : Rotary knife modelling routine
The routine in Figure 2.1 is explained step by step as follows:

When the soft switch “ServoOn” is closed, the drive amplifier and the servo loop for
the rotary knife servo-motor axis (AXI1S02_Knife) is activated by the MSO motion
block.



When the soft switch “ServoOn” is open, the MSF block is active. This means the
servo loop is deactivated.

When the “start” switch is also closed alongside with “ServoOn” switch, the first
timer which counts towards 1000ms is enabled. At the same time, MAJ motion
block on rung 3 is activated. This block moves the depicted AXIS02_Kbnife at a

constant speed given as 50 units within the block.

In rung 3 MAJ motion block has a switch before it with the variable “timer.DN”
which is the DN bit of the first TON block that is used. This switch ensures that
when the timer has accumulated the given 1000ms and the DN bit is enabled, the

MAJ motion block on rung 3 is deactivated.

The same bit “timer.DN” switches the MAJ motion block on rung 4 enabling it.
When enabled MAJ motion block on rung 4 moves the depicted AX1S02_Knife at a

constant speed given as 100 units within the block.

The same bit “timer.DN” switches the second timer block TON on rung 5 which also

counts towards 1000ms after which it enables the “timer2.DN” bit.

The “start” bit is used to trigger the start of the velocity trend and the “timer2.DN”

bit is used to trigger the stop of velocity trend.

As a result of the routine the trend in Figure 2.2 is obtained and exported to
MATLAB environment for calculations.

131.11

11222 n
e

9333 |l|' ¥

7444

55.56 I\!‘IA.\‘

36.67

17.78

-20.00

-38.89

730173051 173051 173052 173052 173052 173052 170052 173052 173052 170053 17.3053 173053 173053 17.3055 170053 173053 170054 173054 17.30547.305
| = | - [_am__]J =

Caption 17:30:53 Units
== 815 _02_Knife ActualVelocity
p—— AXIS_02_Knife Commandelocity

Figure 2.2 : Rotary knife velocity trend screenshot.



Exported values are plotted in MATLAB using the m file depicted in Figure 2.3.

clear all

clc

A = xlzread('b.=xlas=x") :

plot {(0.001*A(:, 1), A(:,2),0.001*A(:,1),A{:,3))
grid on

Figure 2.3 : Importing and plotting knife velocity trend data into MATLAB.

2.2 Obtaining Rotary Knife Mathematical Model

Plotted rotary knife velocity response shows actual velocity against the input velocity
in Figure 2.4. This plot and the imported data will be used to obtain a mathematical

model for the rotary knife servo-motor and drive.

elocity response
120 T T T T

110

Iha

o I

80

70 v:65.81

velocity

60 “H

P‘\f‘w NS ramipnnsnn PAAAL A A
ERA LA

50 HH N AP AR AN
20

30

Actual Velocity |
20 ‘ Input Velocity | |

T

Figure 2.4 : Rotary knife velocity step input response.

Overshoot My, o and peak time Tpkm’fe is obtained from the imported data as

if
following:

" _ Wmax — Wrer 131,573 — 100
Pknife @ 100

=31,57% (2.1)

10



Tpkm,fe = tpeak — Linpuc 19,037 — 19,011 = 0,026 s (2.2)

In(M
p .
( - _ ( kmfe) . — 0’3445 (23)
J(nz + In (Mpkm.fe) )
A
W, = = 128,7094 (24)

Tpknife V1-¢2

The system response also has a 0.018s time delay.

Applying these values into the standard form of a second order system:

w2 16566,1

= (2.5)
s? 4+ 2(w,s + w3 s?+88,6813s + 16566,1

Gi (S) =

This second order system is compared to the actual measured data and to the output

of MATLAB system identification tool using the simulink model in Figure 2.5.

cutput

From
‘Workspace

L J

i

input

From

Workspace
8568
> _reeer > . —
5=+88.8813s+18588.1
Scope
Proposed Transfer Fen Transport P
Delay
- i t
0.99483 simaou
= - - i
0.0103540.0103545=+2"0.010354"0.425375+1 To Workspace

Ident Tool Transfer Fon Transport
Delay

Clook

Figure 2.5 : Simulink model for system response comparison

The result plot of this simulink model is shown in Figure 2.6.
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System Response

180

Velocity

=
D
o

140 ‘ |
‘ I—‘
120 i T
| /
| FJ/

—

100

Measured System Response

Input Velocity T
G,k (s) Proposed System

MATLAB System Identifier

| |
1 1.05 11 115 1.2 1.25
Time x 10°

Figure 2.6 : System response comparison

Observed and plotted response belongs to the system of rotary knife servo-motor
drive and PI controller. This system could be expressed using the block diagram in

Figure 2.7.

mre}"

GPIkm;fE(S) Gknif'e(sj "

Figure 2.7 : Block diagram of rotary knife and controller

The system response obtained from the rotary knife velocity trend will be called

Gmr (s) as depicted in Figure 2.8.

12



Gmk(sj

mr&f

" GPIjnife(S) y Grnife(s)

Figure 2.8 : Block diagram of rotary knife and controller

The transfer function for the rotary knife system G;r.(s) will be derived from the

obtained system response G,,,(s) using the controller values proportional gain

kam,fe and integral gain K;, .. from the Pl controller Gpignife:
K s+ K;, .
Pkni Iknife
GPIknife (s) = nie S (2.6)

From the block diagram in Figure 2.8:

G, (5) Gplknife (S)Gknife(s) 2.7)
S) = .
T+ Gprgnige () Grenife (5)
From here we derive Gy, as following:
Gk (5)
Gknife = = (2.8)

GPIknife (S)(l - Gmk(s))

As arbitrary values, proportional gain K ienie

= 255,14368 and integral gain

Kipnise = 20,0 are set within the PI controller.

Using these values;

Ko inigeS * Kinire  255,14368 s + 20
S S

(2.9)

GPIknife (s) =

Using Equation (2.5) and Equation (2.9) the transfer function of the rotary knife is
obtained as following:

13



; ~ 64,9285
knife = 52 4 88,7597s + 6,95148

(2.10)

Obtained transfer function represents a second order system with two following open

loop poles:

s, = —88,6813
(2.11)
s, = —0,783872

2.3 Open Loop Root Locus

Open loop root-locus is represented in Figure 2.9. As one of the poles is more than
100 times far left in the root-locus, its effect rapidly decays and neglectible.
Therefore, the system will behave similar to a first order system. The first root seen
in Equation 2.11 represents the electrical section of the system while the second root

s,, mechanical section.

Root Locus Editor for Open Loop 1 (OL1)
15 T T T T T T T T

Imag Axis
o
&
"

05 -

715 r r r r r r r r
-90 -80 -70 -60 -50 -40 -30 -20 -10 0
Real Axis

Figure 2.9 : Open loop root-locus of Gyp;f.
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3. CUTTING OPERATION

3.1 Enacting Forces in Cutting Operation

MMaterial Web

Piece Length : p

Figure 3.1: Rotary knife operative variables

To be able to understand the forces acting upon the rotary knife and the material web
that is being cut, Figure 3.1 has been drawn.

In Figure 3.1, the inner circle represents the rotary knife body and the outer circle is
the blade tip movement circumference.

15



Three arrows pointing towards the material web represent the cutting blade and its
various positions upon the material web. These three positions are pointing to three

point of interests for the movement.

The first one on the left is the first point that the blade tip touches the material web
and the acting cutting force F is met with a resistance. This point is detoned as cutA

for future use in calculations.

The second position of the blade is the origin position o and the third one cutB is the

point where the blade leaves the material web.

The radius of the blade tip movement circumference, is denoted as R and the angle

between the first cut position and the origin position of the blade is denoted as «.

a = cos™! (RT?h) (3.1)

sina is calculated below to be used in Equation 3.10.

L

ina = — 3.1
sina R ( )
L*+(R—h)>=R? (3.2)
L* = 2Rh — h® (3.3)

L =+h(ZR —h) (3.4)
JR(2R — ) (35)

sina =
R

Inside the cutting zone, the linear velocity of the rotary knife must be equal to the

linear velocity of the material web to avoid any deformation to the material web.

Vinire = Vbert (3.6)

The cut begins at the point cutA and continues until the blade reaches the origin
point o. As the material web moves together with the blade tip during the cutting

operation, the cut movement is stritctly vertical.
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The movement of the blade tip, enacts as shear stress t,,,,, Over the cross section of
the material which is denoted as A = h = d. The thickness of the material is denoted

as h and the width of the material web is denoted as d.

The shear stress t,,,, causes a failure in the material when it is equal or greater than

the ultimate tensile stress of the material ;.
The material is chosen to allow a brittle failure and an ideal cut.

The reactive force from the material web creates a load torque T, that enacts as an
input into the rotary system from the time the cut begins at cutA to the time blade

reaches the origin point o.

F
T, =— 3.7
L= @7)
T = Wn(Ums + By) + T, (3.8)
Tmax = Outs (3-9)

T, is calculated dependent to the ultimate tensile strength o,:s , the blade tip

movement radius R and the cross section of the material being cut A = h x d.

T, 2R 1
Fsina Tysina "L\ — (3.10)
Tmax == =R hd~ Rz.d = Cus
_— R?d
L = Outs- R (3.11)
-1
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3.2 Rotary Knife Velocity Analysis

p-2L

Piece Length : p

Figure 3.2: Rotary knife velocity and affecting variables

The cutting movement has 3 different zones: the first two zones: Zone 1 and Zone 2,

are inside the actual cutting zone, the third one: Zone 3, is the catch-up zone.

3.2.1 Inside the cutting zone : Zones 1 and 2

Linear speed at the tip of the blade is denoted as:

The horizontal component of the blade tip speed is calculated in zones 1 and 2 in

different ways.

In zone 2, the actual position angle 6 is used to denote the speed equation.
kaz = V}.cosO (3.13)

In zone 1, the angle between the origin point o and the blade position can be denoted
as 2w — 6. Therefore, the blade tip speed is calculated as:

18



Vy L= Vy.cos(2m — 0) (3.14)

X

At this point, two equations become equal as a result of cosine function’s

trigonometric property:
cos(2m — 0) = cos(0) (3.15)

As aresult, in both zones 1 and 2 the blade tip speed’s horizontal component is equal

to:
Vi, = Vi-cosf (3.16)

Inside the cutting zone, the the horizontal component of the blade tip speed V. must

be equal to the material web speed V,,;;.

Vperr = Vi, = Vi.cos6 (3.17)
Vheir

= 3.18

Vi cosf ( )

3.2.2 Inside the catch-up zone: Zone 3

Inside the catch-up zone, angular distance to be covered is 2w — 2«, therefore the
catch-up time t, is calculated as seen in Equation 3.19.
A 21T — 2a 3.19
w = (3.19)
In this zone, the piece lenght will determine the rotary knife speed as the aim is to

catch-up just in time to cut the end of the piece.

Therefore the catch-up time t,, is also the duration in which the conveyor belt covers
the distance between the end of the piece and the point cutA. This distance could be
denoted as p — 2L.

p— 2L

= 3.20
Vbelt ( )

cu

Using Equation 3.19 and Equation 3.20,
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tew = (3.21)

14
Where w;, = ?"

R(2m —2a) p—-2L

3.22
Vi Vheir (3.22)
vy R@rT—20) (3.23)
k belt p _ 2L .
R—nh
R(2m — 2cos™ (——))
R
Vi = Vperr ( ) (3-24)

p —2Jh(2R — k)

3.3 Load Torque Input Argument
Input load torque is calculated in relation to material thickness and blade travel inside
the material.

The blade travel is calculated in Equation 3.25:

_h- R(1 — cos0)

BT
h

(3.25)

This thesis will assume that the load torque will be proportional to blade travel inside

the material. Therefore,
T =T,.BT (3.26)

T=T, h— R(lh— cos0) (3.27)

Input load torque should be saturated between cutA and 2pi as these are the limits to

the cut zone.

Fourier series approach is used to saturate the load torque value:
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T(6)=A4,+ Z A, cos( ) Z B, cos (nrt@) (3.28)

Where coefficients are,

1 21T
Ay =— T(0) do (3.29)
T cutA
1 21
Ay =— T,.Ch—R(1—cosf) ) db (3.30)
4m cutA
a =" 10 ("”8> do (3.31)
=— cos | — .
21 ) ya 2
1 (2" né
A, = —f T,.(Ch—R(1 — cos@) )cos (—) do (3.32)
2m cutA 2
B = [ r(esi ("”9> do (3.33)
=— sin|— .
"o2m ) ya 2
1 (%" ~/n8
B, = —f T,.Ch—R(1 — cos@) )sin (—) do (3.34)
2m cutA 2

The fourier series solution, while useful to saturate between required points, is very

slow and cumbersome. Therefore another method for saturation is used:

VTZ+T

sat =
2

(3.35)
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3.4 Integration Into System Model

Tp(s)
Eq(s) 1 i 1 W (s) 1 Om(s)
» Ki o+ > >
La-s + Ra fa(.S') Tm(s) jm s+ Bm S
E
b(s) K, k

Figure 3.3: Rotary knife electric DC motor mathematical model

In Figure 3.3 depicted is a mathematical model of an electrical DC motor. To inlcude
the obtained load torque T, resulting from the cutting operation into the simulink
model, the inertia and friction block must be considered. As seen in Figure 3.3, load

torque input is affecting the system before the inertia and friction block.

The inertia and friction block must be seperated from the obtained system Gyp;f.
seen in Equation 2.10, to form a simulink model where the load torque T, and its

effect on the system could be observed.

To seperate the inertia and friction block, the following method is applied:

Gknife

Figure 3.4: Rotary knife system inertia and friction block

As seen in Figure 3.4,

Gm

Grnife = 16,7 (3.36)
- 3.37
] = I STB. (3.37)
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Transfer function of the rotary knife motor without the inertia and friction coefficient
are obtained as seen in Equation 3.38
Gknife

Gp=—F—""—=< .
J(1 = Gynige) (3:38)

Motor inertia J,, and friction coefficient B,,, are given as follows:

Jm = 0.000026 kg.m?
(3.39)
B,, = 0.001

Using Equation 2.10 and Equation 3.38, Model of the motor G,, is obtained as seen

in Equation 3.40.

Ginire _ 0.00168814s + 0.0649285
J(1 = Ginise)  $%+88.75975 —57.977

Gy =

(3.40)

Using the transfer function G,, and the mathematical model of the DC electric motor,
a MATLAB Simulink model of the rotary knife system is obtained as seen in Figure
3.5.

Figure 3.5: Rotary knife system Simulink model

A bigger representation of Figure 3.5 is available as Appendix B.

In the depicted model for simulation, the reference is given differently in two

different working zones, the cutting zone and the catch-up zone.

Vbelt

cosf and

Inside the catch-up zone, the reference is given as in Equation 3.18: V, =

inside the cutting zone;
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R(2m—2cos™? (RTth))

p—2/h(2R-h)

The reference input is given into the PID controller, which is designed according to

The reference is given as in Equation 3.24: Vi, = Vyer

empirical optimal settling time in Mathematica as seen in Appendix E.

The control signal is admitted into the system transfer function and load torque input
is received just before the inertia and friction block. The output is integrated to

calculate the position value as 6.

The load torque input is calculated using the Equation 3.11, and saturated using
Equation 3.35. This input is being effective starting from point cutA to the origin

point as seen in Figure 3.2.

Actual cutted piece length is also calclulated within the simulation by integrating the
conveyor belt speed, thus multiplying simulation time with the speed to obtain the

piece length.

Three different cases are simulated with the denoted model.
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3.4.1 Casel: Piece length is equal to rotary knife circumference

p = 2nR
7 ' ! . . )
Welocity ;
G — P osition ]

Load Torue |, H
5—-. -------
I SO /ﬁ _________________

3_ _____________________________ J: __________ [
\ i

Velocity
Position
— Load Torque

2 21 22 23 24 25 26 27 2.8 29 3

Figure 3.6: Piece length is equal to rotary knife circumference

As the piece length is equal to the rotary knife circumference, the speed in the catch-
up zone and cutting zone are equal. The effect of the load torque (in red) could be
observed in Figure 3.6.

The simulated actual cut piece length has an error of 0.23% in this case.
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3.4.2 Case2: Piece length is bigger than the rotary knife circumference.

p > 2nR

7 T

Velocity
Position L
Load Torque

1 J
0
0 0.5 1 15 2 2.5 3 35 4 4.5 5
Time
7 r
L] Velocity
6 Position H
I ———— / Load Torque
5 /
4
3
mLf/
2 J / x
1
P—
A
I N
0
3.5 3.6 3.7 3.8 3.9 4 4.1 4.2 4.3 4.4 4.5
Time

Figure 3.7: Piece length is bigger than the rotary knife circumference

As the piece length is bigger than the rotary knife circumference, the speed in the
catch-up zone is slower than the speed in cutting zone. The effect of the load torque

(in red) could be observed in Figure 3.7.

The simulated actual cut piece length has an error of 0.14% in this case.
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3.4.3 Case3: Piece length is smaller than the rotary knife circumference

p < 2mR

L/ / /

N / N / \J / \ J/ _ N
anmivannivanmi B
‘r

0.5 1 15 2 25 3 35 4 4.5 5
Time

Velocity ——
Position
Load Torque | 7]
[ B
[
2.6 2.7 2.8 29 3 31 3.2 3.3 34 35
Time

Figure 3.8: Piece length is smaller than the rotary knife circumference

As the piece length is smaller than the rotary knife circumference, the speed in the

catch-up zone is faster than the speed in cutting zone. The effect of the load torque

(in red) could be observed in Figure 3.8.

The simulated actual cut piece length has an error of 1.07% in this case.
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4. CONCLUSIONS AND RECOMMENDATIONS

This study has obtained and analyzed a mathematical model of the cross-cutter
system, successfully controlled the rotary knife movements in two different operation
zones and proved an alternative to cam profile operation.

4.1 Practical Application of This Study

This study could be applied in the industry to cross-cutter rotary knife systems to
obtain more efficient and delicate cutting operations. This improvement could save
costs on reduced wastage. The study also could help realize faster systems with high
production speeds without compromising security. As the system proves an
alternative to cam profile operation, usage of such a control system could cut down
operational costs that would be necessary to change cam profiles according to piece
length and system speed.
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APPENDICES

APPENDIX A: MATLAB m.file for system modelling

APPENDIX B: MATLAB Simulink Model for the Cross-Cutter System Simulation
APPENDIX C: MATLAB m.file for Cross-Cutter System Simulation

APPENDIX D: MATLAB m.file for Fourier series expansion function
APPENDIX E: Mathematica code for PID controller design

33



APPENDIX A

syms s
Kp = 255.14368 ;
Ki = 20 ;

A = xlsread('b.xlsx') ;
plot (0.001*A(:,1),A(:,2),0.001*A(:,1),A(:,3))
grid on

Gce 31011.86 / ( s™2 + 121.1979*s + 31011.86 ) ;
Gpi = ( Kp*s + Ki ) / s ;

G = Gce/ (Gpi* (1-Gce)) ;
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APPENDIX B

adoog

ol

N yBuz =031y

(1In.0001

anbso) peO

¢l oooife—

anbso) peO

uad gv1LYi
p=i=adEu|

h 4

anbso )

ﬁ»@

F 3

usisod

oLy RESU|

g+sT

A

LYY

L

Sy ey

L6 1GS166L88+55

uonEINES

SEZEFO0 0+5F 138010070

F3||2gusy

FH188ue Oid
RporEp

Luleg
BRIS

MATLAB Simulink Model for the Cross-Cutter System Simulation
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APPENDIX C

clear all;
clc

Q

Motor Parameters %
= 0.000026 ;
0.001 ;

w4 o°

o

Q

s Load Parameters %

Vbelt = 50 ; %
p = 50 ; %
R = 20 ; %
h=1; %
d=2; %
sigmaUTS = 0.05 ; %
t=0.001;

% Load Torque calculation %
T1 10"-3*

%$cut duration angle%
alpha acos( (R-h)/R );
cutA 6.28 - alpha ;

[}

%Intermeediate variables$
wbelt=Vbelt/R;

L sgrt (h* (2*R-h)) ;

t cut 2*L/Vbelt;

t catch (p-2*L) /Vbelt;
Ky

(
(
(
(
(
(

( sigmaUTS* (R"2) *d )

R* (2*pi () -2*alpha) / (p-2*L) ;

mm/s)
mm) parca uzunludu
mm)
mm) malzeme kalinligi
mm) malzeme genisligi
MPa) celik: 615.4
/ sgrt( ( 2*R/h )-1) ; % (Nm)

% (radians)
% (radians)

% cut completed from point cutA to zero

%catch-up
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APPENDIX D

function y = fourier (theta)
A0 = 0.00102845;

y = 0;

for n=3:1:1000

An = (1/2*pi)*( (0.2432 *( sin(3*n)- sin(3.14*n))
4))*(-0.143061 *cos(3*n)+0.00163087*cos (3.14*n) -
0.245804*n*sin (3*n)+0.255999*n*sin (3.14*n)));

Bn = ( 1/ ( 2*n* (n"2-4) )
) * (p1* ((0.97284+0.00260359*n"2) *cos (3*n)+(-0.9728-
0.0127987*n"2) *cos (3.14%*n) -
0.143061*n*sin(3*n)+0.00163087*n*sin(3.14*n))) ;

)/n +

(1/ (n"2-

yl= An*cos (n*pi*theta/ (2*pi)) + Bn*sin (n*pi*theta/ (2*pi));

y=yl+y;
end
y = y+A0;
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APPENDIX E
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