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Abstract:

The purpose of this project is to design and produce a machine that can paint any

type of wooden plates using spray painting technique.

The wooden piece is inserted, and the paint type is specified, the machine is
painted according to the dimension of this piece based on certain equations

previously entered.

What is expected of the machine to do, possibility to paint three types of paint on

all surfaces of the wooden piece with high accuracy.
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Chapterl

Introduction

1.1. Overview of the project

The need to save time and effort and get the highest possible quality led us to produce a machine
to paint the wood panels automatically using spraying technique, this machine is very important
for every carpenter to enhance his current status and grow up the manufacturing sector in the
country. This machine produces a sensible difference between the manual and automatic
painting; it produces a very beautiful product with high quality. The process of the machine is to
move the spray gun above the moving plate to make such a path to cover the whole plate

homogeneously.

1.2.  The need of the project
Painting is one of the most important things in industrial life. The process of painting wood and
home furniture is very important for the beauty and protection of the product. In the process of
manual painting there are many problems facing workers, the most important of which is the
health of the worker, in the spraying process of paint, workers may suffer from many lung
diseases. And other reasons related to the quality of the product and the speed of production and

the provision of effort.

1.3.  Requirements

e Capability to paint the wood plates using spray technique.

e Capability to paint the wood plates with dimensions the does not exceed (220*120) cm.

e Produce high quality product with homogeneously distributed paint material.

e Production rate of the machine is (30-40) square meter of wood plates per one hour.

e Capability to diagnose the errors by HMI “touch screen’.

e Capability to measure the dimensions of the product and process the data to determine the

long of the path automatically.
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1.4.  Description of the project

The purpose of this project is to design and produce an automatic machine that can paint any
type of wooden plates” interior doors, kitchen cabinet and furniture panels” using spray painting
technique, also to build an integrated diagnostic system using Scada technology. We have asked
some carpenters and wood painters who use the traditional way that is gun spray, we found that
all of them suffer from diseases and slow production rate and low quality of products, and they
supported the idea. This machine only needs 2 normal workers to load the wood plates and
discharge the painted wood plates. At the end of the project we will implement a small-scale

prototype to determine the operation of the machine.

1.5. Literature review:

1.5.1. Painting:

Painting is an important process in the industrial sector, such that wood painting, walls, iron,
aluminum, Stainless steel, furniture, etc...Painting is used for these major reasons, first for
protect the painted piece “from corrosion, form scratches...”.Or it used to Give an aesthetic view
for the surfaces that are painted or to make the cleaning process of these surfaces easy. Methods

of painting the surfaces:

1- Painting using brush paint: this is the traditional method for paint, it used widely for painting

walls and sometimes iron, as shown in Figure 1.

12



Figure 1: Traditional painting ways.

2- Paint using ionized paint grains:
This method is used to paint the sheet metals, this can be done using the charged sheet metal
with an opposite charged paint grains then it enters into a thermal oven to change the paint

material to its final shape, as shown in Figure 2.

Figure 2: Paint using ionized paint grains.

3- Spraying: this method used to paint woods, iron, sheet metals, furniture etc....
In this method, worker uses spraying gun to paint the piece as desired, as shown in

Figure 3.

13
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Figure 3:Spray painting technique.

Wood plates painting:
Painting wooden doors or kitchen cabinet or other types of wooden furniture plates passes
through three stages, in other word three layers of painting:

1- Color layer.
2- Base layer.

3- Lacquer.

The color layer is optional here, the customer may like the normal color of wood, then the base

layer comes to protect the color. Then the lacquer layer to give a bright to the piece of work.

Between each stage there must be some time to dry up the paint material.

1.5.2. CNC Machine

Computerized Numerical Control (Computer + Numerical Control)

* Numerical control is a programmable automation in which process is controlled by Numbers,

Letters, and symbols.

* CNC Machining is a process used in the manufacturing sector that involves the use of

computers to control machine tools like lathes, mills and grinders[1].

1.5.3. CNC Machine necessary
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* To manufacture complex curved geometries in 2D or 3D was extremely expensive by

mechanical means (which usually would require complex jigs to control the cutter motions)

* Increased productivity: Due to low cycle time achieved through higher material removal rates
and low set up times achieved by faster tool positioning, changing, automated material handling

etc.

* Improved quality: Due to accurate part dimensions and excellent surface finish that can be
achieved due to precision motion control and improved thermal control by automatic control of

coolant flow[2].

1.5.4. Servo Motor

Figure 4: servo motor.

A servomotor is a rotary actuator or linear actuator that allows for precise control of angular or
linear position, velocity and acceleration It consists of a suitable motor coupled to a sensor for
position feedback. It also requires a relatively sophisticated controller, often a dedicated module

designed specifically for use with servomotor[1].

1.5.5. Stepper motor
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Figure 5: Stepper motor

A stepper motor is an electromechanical device it converts electrical power into mechanical
power. Also, it is a brushless, synchronous electric motor that can divide a full rotation into an
expansive number of steps. The motor’s position can be controlled accurately without any
feedback mechanism, as long as the motor is carefully sized to the application. Stepper motors
are similar to switched reluctance motor[2].

Stepper motor or Servo motor

Figure 6: Stepper Vs Servo.
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stepper motors are good solutions for applications with low speed, low acceleration, and low
accuracy requirements. Stepper motors also tend to be compact and inexpensive. This makes
these motors a good fit for medical, biotech, security and defense, and semiconductor
manufacturing applications. Servo motors are a better choice for systems requiring high speed,
high acceleration, and high accuracy. The trade-off is a higher cost and complexity. Servo

motors are typically used in packaging, converting, web processing, and similar application[3].

Servo or stepper

In our project we will use stepper motor because it has a less cost than servo motor and the
stepper can done the work we need in our project, but servo is proffered to use because it has

more accuracy.

We will use stepper motor to control the spray guns move and the wood piece moves.

1.5.6. HMI

Figure 7: HMI “Touch Screen”.

A human-machine interface (HMI) is the user interface that connects an operator to

the controller for an industrial system.

17
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Industrial control systems (ICS) are integrated hardware and software designed to monitor and
control the operation of machinery and associated devices in industrial environments, including
those that are designated critical infrastructure. An HMI includes electronic components for
signaling and controlling automation system[4].

How we use HMI?

In our system permits remote user to make modifications to the HMI, and to the control status of
the machine. Any subsequent modifications are transmitted to the machine and remote user in
real time. Thus, the system and method allow a remote user to effectively monitor and control
machines and processes without the need for the operator to be physically present at the location

where the machine or process is located or being performed.

1.5.7. PLC:

A Programmable Logic Controller, or PLC for short, is simply a special computer device used
for industrial control systems. They are used in many industries such as oil refineries,
manufacturing lines, conveyor systems and so on. Where ever there is a need to control devices,
the PLC provides a flexible way to "soft wire" the components together. The basic units have a
CPU (a computer processor) that is dedicated to run one program that monitors a series of
different inputs and logically manipulates the outputs for the desired control. They are meant to
be very flexible in how they can be programmed while also providing the advantages of high
reliability (no program crashes or mechanical failures), compact and economical over traditional

control systems[5].

1.6. Motivation and solving the problem
We have chosen this project to solve the problems mentioned in section 1.2, so:

-The worker will keep his lung in a good health because he will be away from work area.

18
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-The machine will move in homogeneous movement, so the paint material will be distributed on

all parts of the piece of work.

- This machine can paint about 150-200 pieces of interior doors per shift (8 working hour/shift),
can paint about 350-500 square meters of furniture panels, or kitchen cabinet doors “in full

scale”, so the production rate is very high, this will save time and money.

-From the fault diagnostic system, we can able to explore the error easily on the HMI screen of

the machine, so the worker may be able to fix the error.

1.7. Overall cost

The following table shows the project cost.

Plc control system 1 1000
HMI 1 1250

Light sensor 2 350
Stepper Motors 2 400
Stepper Motors Driver 2 500
Frequency Converter 1 800
1-phase AC motor 1 200
valves - 100

Level sensor 1 100

19



Relays - 250
Contactors - 300
Air switch 4 150

Spraying gun 4 1500
Air compressor 1 500
Body - 2000
Total Cost 9400

Table 1: Overall cost.

Chapter 2

Conceptual design & Machine description

In this chapter we describe the general operation of the machine, then talk about each component
in details.

20



Figure 8: Machine configuration.

2.1. Block diagram
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At the begging two workers insert the piece to the machine on the carrier pins , then the sensors
take the dimension of the piece to derive the painting area , then the slider start moving inside the
machine and when they reach under spray guns , that detected via PLC program , then the spray
gun process start since the spray guns slider start to move ,and when the first side of the piece
done , then cylinder of edge spray gun stroke to paint the edge , when they finished the first edge,
the peace flipped via flip motor , to paint the next edge , then the piece move backward to paint

the other side until reach the home position that detected via limit switch.

Note, the upper and lower edges will be painted by the same spray guns that paint the surfaces,

the spray guns must be inclined to cover all surfaces.

2.1.2. Fault diagnostic:

e Motor status detected via sensor & drivers and compares it with normal values and show
error if there is mismatch between reading & normal values.
e Level sensor in paint tank show the quantity of painting material in it to the user on the touch

screen and show error if they become low.

2.2. Machine description

The operation of painting contains four main sections:
1. Loading and unloading the piece.
2. Measuring the dimensions of the piece.
3. Motion of piece.

4. Spray gun movement.

2.2.1. Loading and unloading the piece

23



e At the beginning the pieces should be drilled, three rods will be fixed in these holes as
shown in Figure 10, the goal of these rods is to fix the piece and to allow rotation of

piece.

Figure 10: Piece of work with fixed rods.

e The piece will be fixed by two workers manually on special tong to fix it as shown in
Figure 11&Figure 12.

Figure 11: tong

e After finishing the painting operation, workers carry the piece from the rods without
touch the painted area, then put it on a special stand to dry.

2.2.2. Measuring the dimensions of the piece

24



After loading piece, the worker presses on start button on touch screen, two light sensors will

measure the dimensions” Length & Width”.

e Light sensor #1” Ls1”: the sensor must be fixed on the edge of the side of machine as shown
Figure 12, Ls1 function is to measure the Length piece and to check the existence of the
piece.

e Light sensor #2” Ls2”: the sensor must be fixed on special stand as shown Figure 12, Ls2

function is to measure the Width of piece.

Figure 12: Sensors location & tongs.

2.2.3. Motion of piece

After taking the dimensions of piece, the Ac motor that moves the door in x-axis will start up, the

motor tied with power screw by motor coupler to move the piece of work as shown in Figure 13.
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Support Rods

Figure 13: motion technique of piece

2.2.4. Motion of spray guns

There are five spray guns, four to paint the surfaces, one to paint the sides as shown in Figure 14,
fixed on support beam and support rods, the beam can be moved by power screw that the stepper

motor rotate it “convert rotational motion to linear motion” as shown in Figure 14.

=I5 \
JJJ Pneumat
\ Cylinder

urface

Spray Guns

L

Figure 14: Spray gun motion & and spray component.
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After finishing painting process of the first surface, pneumatic cylinder will extend until reach
the mid thickness of the piece, then side spray gun will jet paint material with movement the

slider in y-axis, pneumatic cylinder shown in Figure 14.

2.2.5. Flipping piece of work

After finishing painting process of the first surface and first side, flipping stepper motor flips the

piece 180 degree to paint the other side and surface as shown in Figure 15.

bl

_motor.1)

Figure 15: Flipping stepper motor
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Chapter 3

Mathematical model

In this chapter we will talk about coordinate system, kinematic, kinetic and modeling the

machine.

3.1. Coordinate System

Machine can be considered 4 axis machines:
1) Movement in x-axis: piece of work moves from the loading point until reach the final
painted point, then return to unload it, as shown in Figure 16.
2) Movement in y-axis: spray guns moves to paint piece in y axis as shown in Figure 16.
3) Movement in z-axis: after finish painting the first surface, hydraulic pump extends in z-
axis until reach the midpoint of thickness of piece, as shown in Figure 16.

4) Rotation about y-axis: after finish painting the first surface and the firs side, a stepper

motor flips the door 180° , as shown in Figure 16.

Z-axis

X-axis

Figure 16: Coordinate system.
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Technical parameters:

e Dimensions of work piece can be paint: L, W and t; this represents the dimensions of piece
(Length, Width and thickness respectively).

e Feeding speed “V, ”: it’s the speed of the piece in x-axis.

e Surface painting Spray gun speed “V, ”: it’s the speed of the Spray gun in y-axis.

e Side painting spray gun: After 1% surface painted the hydraulic cylinder extends in z-axis

until reach the midpoint of the thickness “t/2”, then it moves with speed of V.

3.2. Feeding dynamic:

To move the piece of work in x-axis, we used Ac motor coupled with power screw to convert the

rotational motion to linear motion.

The velocity of the piece of work has to increase from “V, ”until reach to reach steady state
speed“V, =V, 7, then keep its speed until reach the end of the piece “t, —t,” as shown in

Figure 16.

Due to this deference in the velocity, so there are acceleration “a,,, ” at the beginning of motion”
0—t,” ,then the acceleration will be zero when the velocity is constant “t,—t,”, then
before reaching the end of the path “t, ” there is deceleration equals “-a,,, ”. As shown in Figure
17.

The position at the 1% interval “0—t,” increased non-linearly until t,, then it increased linearly

until t,, then non-linearly until t, as shown in Figure 17.
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Figure 17: Trapezoidal velocity profile of feeding dynamic “a, b and ¢ respectively”

Now, at the interval” 0—t,”:

V, =V, +a,, *t (3.2.1)
But V, =0 then:
Vi =a, >t
(3.2.2)
At t=t, velocity:
Vf = a'max *tl
(3.2.3)
Then the acceleration can be found by equation (3.2.4):
Vv
amax = _f
b
(3.2.4)

This velocity in equation (3.2.2) represents the integral of acceleration in Figure 17 “a”, and the
integral of this equation represents the position of the piece as in equation(3.2.6)

d =v02*t+%*amax *t?

(3.2.5)
But V, =0, then:
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d==*a_ *t

max

(3.2.6)

where:

t,: the time required to reach steady state speed, we choose it 0.1 sec.
t, : the time required to start deceleration.

t; : is the time of one path painting.

X, : the total length of the piece.

d : the distance that the piece passes it at any time.

V, : initial velocity=0.

V, : steady state velocity.

8., - Maximum acceleration.

3.3. Spray gun dynamic:

Spray gun dynamic follows the dynamic of feeding and the equations of both is the same.

3.4. Flip motor dynamic

Piece of work have to flip 180 degree using flip motor, the velocity starts from zero and

increase until reach the midpoint (90 degree), then falls down again as shown in Figure 18.
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Figure 18: Trapezoidal velocity profile of flip motor.

3.5. Modeling

We have three motors to control their output:
1-slider motor “carries spray guns”.
2-conveyor motor “carries piece of work”.

3-flip motor “flip the piece”.
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We control the motor that carry one mass, so the system is 2™ order system as shown in Figure
19

E F e LAY 0L AL R A A

Sl

s

~fv Frictional Coefficient

Figure 19: physical representaion

Differential equations:

m X+ fx=F
(3.5.1)
where:

m, : total mass of piece and the stand that carries the piece.

f,: friction coefficient between mass and rods.

F : input force” motor output”

Now, to get the state space representation for system:

Let:
g =X
g, =X

Then the state space model is:
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(3.5.2)

(3.5.3)
Now, to get the transfer function:

Take Laplace transform for equation (3.5.1):

m,s*X(s)+ f,5X (s) = F(5)

(3.5.4)

X(s)(m_s* + f,5) = F(s)
(3.5.5)

()= )F(((z)) - (mp521+ f5)
(3.5.6)

Equation (3.5.6) represents the transfer function that will be used in control chapter to design the

controller.
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Chapter 4

Mechanical Design
Introduction:

In this chapter we will design the painting machine and we calculate the torque on the motor and

the deflection on structure machine.

4.1, Support rods design:

In this section we will calculate the diameter of Rods:

4.1.1. Rods of piece of work

Figure 20: support rods with power screw.

At the beginning we have to design support rod that carries piece of work to prevent any

deflection in rods, so we assumed that the maximum allowable deflection is Imm.
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Here, we have distributed load that comes from the weight of the rod and concentrated loud that

come from piece of work this will be calculated as follow:

w,=m.g
(4.1.2)
T 2
m,=—*D"“*p*L
RT 7 P
(4.1.2)
W, =m,*g (4.1.3)
Where:

W, : is the weight of the piece of work.

M, :is the mass of piece of work.

J : gravitational acceleration =9.81m/s”.

My : Rod’s mass.

Wr : Rod’s weight.

D: Rod’s diameter.

p : Density of rod’s material.

L : Length of the rod L=1m.
Substituting in equation (4.1.1), got:

w, =40Kg*9.81m/s* =392.4N

To find rod’s weight we assumed that the material is stainless steel, which it’s density

p=T700Kg /m?.
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Now, substitute in equation (4.1.2) that represents cross sectional area multiplied by density and

length of rod:

m, =p><V=77OO><%D2><L

W, = %* D?*7700%1*9.81=6047.56* D*

(4.1.4)

Now, maximum deflection is assumed to be 1mm at the midpoint of the rod, so the distributed

loud and concentrated load effect on the deflection, so:

Yo = Y1+,

Where:

Y ax - Maximum deflection on the rod.
Yl: deflection due to concentrated load.

Yz : deflection due to distributed load as shown in Figure 21.

7

FEFEFEEEENE

AN

707

Ymaxz

Figure 21: Deflection of distributed load.
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Ymax1

Figure 22: Deflection due to piece of work Weight.

_ WPL3
' 192E]
(4.1.5)
o w, L*
2 384EI
(4.1.6)
Where:

E : is the modulus of elasticity of steel = 207 *10°GPa

| : is the area moment of inertia, for circular section given by equation

| = = *p#
64

4.1.7)

Now, substituting in equation(4.1.5):

392.4*3°

Y, =—
192*207*10° Z* D*

Y, =0.543x10°D™
(4.1.8)
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substituting in equation(4.1.6), got:

6047.565x 3* x D?

Y, =
384 x 207 x10° x -~ D*
64

Y, =12.31x107 D
(4.1.9)

Now, adding equation(4.1.8) & equation (4.1.9) and assuming that Y., =1mm:

0.001D* -12.31x10"D* -0.543x10° =0

Solving equation (4.1.10) we got:
D =5.5cm

For safety let choose D =6cm.

4.1.2. Rods of spray guns

As calculated in last section and previous equations we got:

7.5x2.7°%x9.81x D?

Y, =
192 x 207 x10° x = D*
64

Y, =7.42x10° x D™
(4.1.1)
_ 6047.56x9.81x2.7* x D?

YZ
384x 207 x10° x = D*
64

39

(4.1.10)



Y, =8.069x10" x D™
(4.1.2)

Now, add equation (4.1.1) & equation (4.1.2), summation equals 1mm:

D*-80.8x10°D*—-7.42x107" =0
(4.1.3)

After solving equation (4.1.3), we got:
D =3.6cm

For safety let choose D =4cm.

4.2. Torque & power calculation:

Major diameter
— Pitch diameter

r Minor diameter

Figure 23: power screw.

The technique we used to move the piece of work and spray guns is power screw technique, as
mentioned in machine description, the motor is coupled with power screw, and when the motor
rotates, power screw will rotate and push or pull the piece of work using power screw that shown

in Figure 23. Torque calculation as follow:
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4.2.1. Power screw of piece of work

Torque needed calculated by equation(4.2.1):

K, (L +rfd,, seca

" 2 ‘zd, —fLseca

(4.2.1)
Where:

o = thread angle 14.5°
d ., : main diameter of power screw =2cm

f : friction coefficient =0.1 “by assumption”.

F : force needed to push or pull piece of work.

P : pitch =4mm.

L : distance that piece of work pass through one revolution.
L=n*P=4*10"mm.

where:

N : is the number of threads, here we have single threaded power screw so n=1.,

To calculate the force needed we have to apply the equation of motion on the system,
equation(4.2.2):

F=mX+ f X
(4.2.2)
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Vi =X=V,+a, Xt

(4.2.3)

" 8(m/min) 2
Ay = X= =1.33m/s
60, x0.1

(sec)

(sec)
Now, substitute in equation(4.2.2)

F =80x1.33+0.1x0.133=106.413]N ]

After substituting in equation(4.2.1), we got:

T ~ 106.413%x0.02 ,0.004 + 7 x0.1x0.02xsec14.5

g ) =0.1788[N.m]
2 7x0.02—0.1x 0.004x5ec14.5

Now, to calculate the power needed:
P=T%*w
Where:

P : power [watt]

T : Torque [N.m]

W : angular velocity [rad /s].
Now we have to calculate angular velocity:

Where:
V¢ : Steady state velocity=8 m/min.

vV, =IxN
(4.2.4)

where:

42



N : Number of revolutions per second.

| . Distance that piece of work pass through one revolution.

So,
:\i = 8 — = 2000rpm
| 4x10

(4.2.5)

27
w=—N =209.33(rad / s)

60
Power needed of conveyor motor:
P =T xw=37.42[watt]

4.2.2. Power screw of spray guns
Here, calculation is the same as in previous section:
F=mX+fX

F =15%x1.33+ 0.1x% =20.1N ]
~20.11x0.02 0.004+ 7x0.1x0.02xsec14.5

T :
" 2 7x0.02—-0.1x0.004 xsec14.5

T =0.033N.m]

V: Velocity =100m/min.

V =L xN
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= =416rpm

4x107°

V100
L

Power needed of slider motor:

P =T xw =1.4[watt]

4.2.3. Power of Flip motor

After finishing paint process of the first face and first edge, flip motor has to rotate 180 degrees
to paint the other face and edge. The piece has to flip in slow velocity to keep the quality of paint

before dry, so the velocity is said to be 10 rpm.
So, N =10rpm

The equation of motion of the system is:

T =JO+céh
(4.2.6)
6,=0 , 0 ==x
6 =0, 6 =0
6=0 +6t
(4.2.7)
: 27
6., =W=—>*N=104rad /s
60

44



in mathematical model chapter we assumed that the velocity starts from zero increasing until the

midpoint, here the midpoint is at t =1.5[sec].

So,

9 _108 4 6o[rad /7]
t 15

Now, we have to calculate the mass moment of inertia “J”:

1
J=—m (a
B ,(@%)

Where @ is the width of piece of work =1.2 m.

So,

T= %(70)(1.2)2(0.67) +(0.1)(1) =5.7N.m

P=Tx6, =5.7[waltt]

Chapter 5

Electrical Design
5.1. Introduction

In this chapter, we will design the Protection circuits. Power circuit and control circuit will be

explained in this chapter.
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5.2.  Equipment

o Electrical Equipment
Motors:
3phase motor:

This motor will be used to move the move the wood piece. Figure 24 shows the 3phase motor.

Stator windings

Figure 24 3phase motor

Stepper motors:

We have two stepper motors, one to move the spray guns, the other one to flip the wood piece.
Figure 25 shows the stepper motor.
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Figure 25 stepper motor
Frequency converter:

The frequency converter “Inverter” used to control the speed and direction of 3phase motor.

Figure 26 shows the frequency converter.

Figure 26 frequency converter
Stepper motor driver:

We used two stepper motor drivers to control the speed, position and direction of stepper motor.

Figure 27 shows the stepper motor driver.
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Figure 27 stepper motor driver.

Sensors:

We have two kinds of sensors, light sensors and limit switches, light sensor used to detect the
wood piece, when the wood piece arrives under the light sensor, it will send signal to PLC, to

determine the start and end of path. Figure 28 shows the light sensor. Limit switches used

Figure 28 light sensor Figure 29 limit switch

e Pneumatic equipment

Cylinder:
We have Pneumatic cylinder for extending the side spray gun until reach the edge of the wood

piece. Figure 30 shows the double acting cylinder.
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A

Figure 30: Double acting cylinder.

Directional control valve:

We have the directional control valve to control the extension and retraction of double acting
cylinder via PLC signal. Figure 31 shows the directional control valve.

Figure 31: Directional control valve

Compressor:

Compressors supply the air flow for all equipment in a system as shown in Figure 32.
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Figure 32: Air compressor.

Spray gun:

We have three spray guns, two of them to paint the surfaces, the other one to paint the edges.

Figure 33 shows the Spray gun.

Figure 33: Spray gun.

On/off control valve:

We have three on/off control valve to control the operation of spray guns. Figure 34 shows the

on/off control valve.
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Figure 34: On/off control valve.

5.3.  Protection Circuit Sizing

The following table describes selected loads for least next standard specifications.

name Ac or dc P/IKW \ 1(A) T(N.m)
M1 30 AC 0.12 380 0.1 0.85
M2 DC 0.096 24 4 0.3

M3 DC 0.063 24 2.6 0.2

Table 2: Motors specifications.

Protection Circuit for motors:

the over load for the 3® AC motor protection is programmable via the frequency converter, and

for stepper motors, the current will be determined from drivers.

51



5.4. PLC control circuit

PLC Control circuit for all the machine is shown below.
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Figure 35: PLC Configuration.
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5.5.  Input- output table

the following table shows PLC I/O’s table.
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M1(N.O) Motor 1 start %i 0.1.1
M1(N.C) Motor 1 stop %i 0.1.2
M2(N.O) Motor 2 start %i 0.1.3
M2(N.C) Motor 2 stop %i 0.1.4
M3(N.O) Motor 3 start %i 0.1.5
M3(N.C) Motor 3 stop %i 0.1.6
L1 Optical sensor %iw 0.5.0
L2 Optical sensor %iw 0.5.1
L3 Level sensor %iw 0.5.2
LS1 Limit switch %i 0.2.0
LS2 Limit switch %i 0.2.1
LS3 Limit switch %i 0.2.2
LS4 Limit switch %i0.2.3
IN1 Encoder for M2 %iw 0.5.3
IN2 Encoder for M3 %iw 0.5.4
Frequency converter M1 On/off signal %q 0.3.0
Frequency converter M1 Direction signal %q 0.3.1
Driver_M2 Pulse train signal %q 0.3.2
Driver_M2 Direction signal %q 0.3.3
Driver_M3 Pulse train signal %q 0.3.4
Driver_M3 Direction signal %q 0.3.5

5.6.  Power circuit:

Table 3: PLC I/O Table.

The following figure show motors power circuit. Figure 36.
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Yy Y

Rectifier
220Ac-24Dc
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Frequency
Converter Stepper Stepper
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Figure 36: Power circuit.

5.7.  Discretion for Electrical and Pneumatic design:
Here we have the 3® ac motor diagram:

1-source which is 220 v AC.

2- push button that used to run and stop the motor.

3- Frequency converter ALTVAR 312that used to drive the AC motor via PLC Schneider DVP
SA12A2 signal and HMI order.

4- m1: 3® ac motor.

5-piece slider move that the action which the motor do.
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source (220VAC)

push button [<&

" N v
’Tﬂ """" Pemmmmns *| Frequency
. converter
(onloff) o U

30 AC
motor

mechanical
mechanism

‘

y

Piece slider move

Figure 37: AC motor “M1” Block diagram.

Here we have the 1% stepper dc motor “M2” diagram:
1-source which is 24 V DC.
2- Push button that used to run and stop the motor.

3- Stepper motor driver that used to control the speed and position of the motor via PLC
Schneider DVP SA12A2 signal and HMI order.

4- M2: stepper DC motor 40watt “Next standard”.

5-spray process that the action which the motor does.
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push button

Figure 38: M2 stepper motor Block diagram.

Motor Model
Number of Phase
Number of Poles
Rated Voltage(VDC)
Rated Speed(Rpm)
Rated Torque(N.m)
Rated Power(\W)
Rated Current(4)
Peak Current(A)
Peak Torque(N.M)
Rotor Inertia(kg.cm2)

Torque Constant(N.m/A)
Torque Constant(V/krpm)
Line-Line Resistance(Q)

Line-Line Inductance(mH)

Length(mm)
Weight(kg)

Table 4: M2 stepper motor Name plate.

(direction) (onloff)

------- o= stepper
_________________ - driver
speed control (PWM) u
stepper
motor
m2

source (24Vdc)

mechanical
mechanism

Spray Process

17BL40202030

3

8

24
3000
0.2
40
4.0
12.0
0.6
432
0.05
5.235
0.9
0.6
78
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Here we have the 2" stepper motor “M3” diagram:

1-source which is 24 v Dc.
2- push button that used to run and stop the motor.

3- Stepper motor driver that used to control the speed and position of the motor via PLC
Schneider DVP SA12A2 signal and HMI order.

4- M3: stepper DC motor

5-flip the piece that the action which the motor does.

source (24Vdc)

push button [<

v

1] direction (on/off)
______________ >
PLC stepper driver
_________________ ]
speed control (PT) u
stepper
motor
(m3)

mechanical
mechanism

(Flip the Piece)

Figure 39: M3 DC motor Block diagram
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Mator Model 17BL60203030

Number of Phase 3
Number of Poles 8
Rated Voltage(VDC) 24
Rated Speed(Rpm) 3000
Rated Torgue(N.m) 0.3
Rated Power(W) 94
Rated Current{A) 6.0
Peak Current(A) 18.0
Peak Torque(N.M) 0.9
Rotor Inertia(kg.cm2) 4.9
Torgue Constant(N.m/A) 0.05
Torgue Constant(V/krpm) 5.235
Line-Line Resistance(0) 0.5
Line-Line Inductance(mH) 0.3
Length{mm) 98
Weight(kg) 1.3

Table 5: 2" DC motor name plate.
Here we have the air cylinder diagram:
1-source which compressor.
2- Air service unit that used to run and stop the cylinder.
3- Signal via PLC Schneider DVP SA12A2.
4- C1: double acting cylinder.

5- Cylinder stroke, to spray the side of the door.

Figure 40: Pneumatic cylinder Power circuit.
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Figure 41: Pneumatic cylinder block diagram.

Here we have the spraying process:

When the on/off valve receive the signal from PLC, it will allow the paint material flow into

spray gun, relief valve function is to return the excessive paint material to the tank.

Figure 42: Spraying Process.
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Chapter 6

Control

In this chapter we will describe the design and control of the machine.

6.1. For conveyor motor:

steady state error and transient response that represented in the figure below:

Step Response

T — ’

~ Amplitude
L

| | | | | |
) ) h Time[sec]

Figure 43: Original response before adding any controller

We use SISO tool in MATLAB to design a PID controller to eliminate the steady state error and

transient response as shown in Figure 45.

We control the motor that carry one mass, so the system is 2™ order system as shown in Figure

19.

o,
A

~fv Frictional Coefficient

Figure 44: physical representaion
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Differential equations:

m X+ fx=F

F(s)=s’mx(s)+f sx(s)

with initial condition =0

(4.2.9)

Let £=0.7 ,wn =12red /s

F(s)=[s’m+f s]x(s)

1 1.325
G(s)= =

f
s?+Ys s(s+-Y)
m m

10

15Root Locus Editor for Open Loop 1(OL1)28Pen-Loop Bode Editor for Open Loop 1(OL1)
T : O

200

150

G.M.:-17.8 dB
O | Freq: 5.25 rad/s
Stable lcop

-15

P.M.: 64.3 deg
Freq: 22.2 rad/s

225

270 &

-30 -20

-10 0 10 10-5 10° 105

Real Axis Frequency (rad/s)

Figure 45: SISOTOOL configuration.
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Step Response
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Figure 46: PID response.

As in transfer function mentioned in equation(4.2.9), the system is type one, so the steady state

error is zero, so we used lead controller to enhance the transient response.

Step Response

Amplitude

Q
[
T

0.2r

L 1 L L

o 01 02 03 04 0.5 06 0.7 08

Time (seconds)

Figure 47: Lead response.

From previous step responses we chose the Lead controller because it gives better steady

state error, transient response and less overshoot than PID.
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106.81(s +0.000864)
(s +16.9)

G, ()=

6.2. For spry gun motor:

We need to control the speed and position of stepper motor shown in Figure 48, this can be done

using the driver shown in Figure 49.

Figure 48: Stepper motor.

& 22}
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Figure 49: Stepper motor driver.
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Controlling the speed and position of stepper motor:

We can control the speed by the frequency of pulse train, that come from PLC, the

relationship between speed and frequency is proportional.

The position can be controlled by determination the number of pulses that come from

PLC, each pulse rotates the rod of motor 1.8 degree “the resolution of the motor”.
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Chapter 7

Prototyping

7.1. Introduction
In this part of the project, we have built a prototype painting machine, that can paint a wood plate
which its dimensions in the range of (15*25) cm up to (30*40) cm.

So, the new dimensions of whole machine are approximately (100*100*100) cm. Figure 50

shows the new design of the machine.

Figure 50: Prototype Design.

7.2. Machine Description

The technique which used to move the spray gun and piece of work in full-scale design as
mentioned in section 2.2.3 and 2.2.4 , is power screw with two support rods, here, in prototype,

we have used another technique, because the power screw and smooth support rods cost a lot of
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money, and in prototype we have to look after controlling the speed and position of the motors
and set there speeds compatible with each other, to cover all the surface homogeneously as
possible as we can. So, we have used special linear guide and bearing slides on it with very low

friction coefficient, Figure 51 shows the linear guide and the bearing.

Figure 51: Linear guide with bearing.

Figure 52 shows the technique we have used, the motor shaft tied with first roller using shaft
coupler and bearing, the rope turns around the rollers and tied with the sliding bearing as shown

in Figure 52.

Figure 52: Motion technique.
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7.3. Mechanical Design

As mentioned in section 7.3, we have used the mechanism shown in Figure 52. Now, we have to
calculate the maximum deflection in the sliders to be ensure that the deflection is very small to
achieve good quality products. We have to loads, one from the piece of work “concentrated

load”, and the other load from the weight of slider “distributed load”.
Deflection due to concentrated load:

The following figure shows the free body diagram for concentrated load “Figure 53”

% ; \

Ymax1

Figure 53: concentrated load.
F: the weight of the load, where maximum mass of piece of work is 6 kg.

Ymaxi: the maximum deflection occurred in the beam, and it’s in the midpoint of the beam.

FL®
1 102E
Where:
L: slider length.
E: modulus of elasticity.
I: Area moment of inertia.
3*9.81*(0.85)°

"X T 192207 * (10)° * |
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_ 4547*10°"
|

Y

max1

Deflection due to distributed load:
The following figure shows the free body diagram for distributed load “Figure 54”.

7

>

FEEEEEEERE'

NN

07

Ymaxz

Figure 54: distributed load.

WR: Weight of slider per unit length.

Ymax2: the maximum deflection occurred in the beam, and it’s in the midpoint of the beam.

v, - 5w, L*
384El

_ 5*1,51*9.81*(0.85)*
T2 384*207*(10)°* |

21.877*10°"
|

Y

max 2

Now, the maximum deflection due to two loads is:

Yo=Y +Y

max1 max 2

4547*10" 21.877*10"
Y = +

max
I I
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The area moment of inertia is for the shape shown in Figure 55 “ 1 =1.329*107°”.

1.5cm

mag

Figure 55: side cross section.
Now, the maximum deflection become:

_ 4547*107° N 21.877*107°
" 1.329%10°  1.329*10°

Y . =1.98*10"°m

So, the deflection is very small, then the dimensions are accepted.

Torqgue calculation for motors:

For the first motor that moves the piece of work, the max velocity is 8m/min, the time assumed
to reach to this velocity is 1s. So, the acceleration is 0.133m/s’.

Figure 56 shows the free body diagram for the mechanism that move the spray gun and piece of

work.
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Figure 56: Free body diagram.

So,

Y F =m*a
Where:
T: Tension.

F, : Friction force.

m: mass of piece of work.

a: Acceleration.

T-3%9.81*0.1=6*0.133

Now, the torque needed can be calculated by the following equation:
_T*
T =T*R
Where:
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Tm: torque that the supplies.

R: Radius of roller.

T =0.056IN.m

As the first motor calculated, the second motor supplies torque:

T =0.039N.m

7.4. Electrical Design and Control:

in this section we will show the electrical design which we designed in the prototype machine.
The electrical design here is similar to full scale electrical design, but instead of 3phase motor,
we have used stepper motor. And instead of spraying system we have used pointers to simulate
the principle of work operation. The side spray gun will be extended and retract manually to

reduce the cost of project.

Motors sizing:
According to the mechanical design, we have used motors with the following next standard

specifications:

#of motor Type of motor Volt “V” Current “mA” | Power “watt” Torque “N.m”
M1 Stepper 24DC 1700 40 0.4
M2 Stepper 24 DC 1700 40 0.4
M3 DC with gear 12 DC 200 2.4 0.8

Table 6: motors specifications.

Note, for more details, appendix A explains the datasheet for motors.
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Protection of electrical equipment method:

e For stepper motors, the motors will be protected via determining the rated current for
motors from drivers.

e For DC motor the protection circuit is just a fuse with a nominal current 0.5A.

e For pointers “Laser” the protection circuit is just a fuse with a nominal current 0.1A.

e For PLC and HMI touch screen, the protection circuit is fuses built in.

Power circuit:

P220V

EMERGENCY 3TOP

oA
CIRCANT BREANER

[
| |
PLC RECTIFIER RECTIFIER
N AC-24VDT AL-IZDE
saav | 0 szy] T
I + T — ELéE.f
i i —Ki1
ie e i
hE e HMI -
. I Mool
"'“TEF'z'E \ {STEPPE Ff
m‘roﬁ ) |m:-1-oﬁ |
\\____/
N
1.5VDC

D Fuse(.1 A D Fuse (.14

K2 [N.O) \ K3(NO)
.-'/.-_-..\. ."/...- --\1
| Pointer #] I:F'ninbern‘z:l
\, J .

-

]

Figure 57: Power circuit.
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PLC Connection:

Light| Light

E'IIAHT FTDF rq J. L511L52 LS3]Lsg LS4 ;ﬁ .Lﬁm sefsar

i
i
=,
-k
=ik

COM XD M1 2 X3 o0x4 W5 oxg N7 XX x21 X212

Expansion
P I ‘ module
OVP 1EESI00R N3xP2

GO
[ . L& T2 %3 Y4 %5 b=

+24VDC °K1,K2 /K3

STEFPER DR ERY
STEFPER DR ERY
STEFPER DRK ERZ
STEPPER DRAERZ

ovDC

Figure 58: PLC Connection.
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Input/output table:

Symbol Function Address
start start up the machine X0
Stop stop the machine X1
LS1 Limit switch #1 X2
LS2 Limit switch #2 X3
LS3 Limit switch #3 X4
LS4 Limit switch #4 X7
LS5 Limit switch #5 X6
LS6 Limit switch #6 X5

Light sensor 1 Start moving spray gun X20

Light sensor 2 Reverse the direction of X21
pointer

K1 Flip motor relay YO

K2 Pointer #1 relay Y1

K3 Pointer #2 relay Y2

Pulse 1 Pulses to driver#l Y3

Direction 1 Direction to driver#1 Y4

Pulse 2 Pulses to driver#2 Y5

Direction 2 Direction to driver#1l Y6

Table 7: Input/output table
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SFC diagram:

SFC Program

v

FO
“|  Stop +start +Ls0

F1 M11
. . Ls1

F2 M11/M21
—] _ Ls1+Ls3

F3 M11/M22
—— Ls1+Ls2

F4 M11/M21
= Ls1+T1

F5 M3
1l Ls3

F6 M12
1 Ls1

F7 M12/M21
pIEE By +Ls3

F8 M12/M22
—— Ls1+Ls2

F9 M12/M21
Hr =
F10 M12
o i B

Figure 59: SFC diagram.
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Chapter 8

Results and Conclusions
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