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Design and Development of a Cost-
efficiency Robot Arm with a PLC-based
Robot Controller

To develop a cost-efficient robot arm for a typical pick and place
application that can applied in industry, this paper deployed a
programmable logic controller (PLC) to control the rotation motion of the
robot joints. The main tasks of the PLC controller are to calculate the
kinematics, create high-speed pulse outputs for stepper motors, and
implement sequence operations for a certain application. Functions are
written into subprogram segments. When needed, the main program only
turns on the corresponding flag for executing the subprogram. Using the
pre-written subprograms, a logical sequence to implement the Pick and
Place application is easily implemented and described in this paper. The
PLC program is developed to control a SCARA robot with three rotation
joins. Stepper motors drive the robot joints. The Delta DVPSV2 PLC is
utilized to design the robot controller. This PLC series has four high-speed
pulse output pins, which is suitable for this project. Synchronous motion of
stepper motors is easily peformed using high-speed pulse output
commands built into the PLC program. Experimental results of robot arm
control have demonstrated the efficiency and accuracy of the developed
program. The robot arm's forward and inverse kinematics problems are
verified using the simulator on the software. The robot's joints move
synchronously as required to perform pick-and-place applications.

Keywords: Industrial Robot, Kinematics equation, Pick and Place,

Programmable Logic Controller, Robot control, SCARA robot.

1. INTRODUCTION

Starting from the need to reduce production costs and
increase productivity, industrial robots have been
invented to perform a number of production tasks that
require precision and repeatability. Robots are gradually
replacing humans in manufacturing industries because
of a number of outstanding attributes, such as reliability,
predictability, accuracy, repeatability, and the ability to
operate in toxic and unsafe working environments [1-3].
Robot technology is also increasingly developing with
the development of science and technology. The
application scope of robots has been expanded in
different areas of life. Therefore, robots have been de—
signed and developed to meet the different requirements
of each field.

Designing and developing a robot arm is a
challenging task. It requires a wide range of knowledge
about mechanical design, structural analysis [4-8],
electronics and control [9-10], kinematic modeling and
analysis, path planning, and trajectory tracking [11-13].
There have been many studies to develop robot arms
used for many different purposes, from education,
healthcare, and service to industry. Finite element
analysis (FEA) is commonly used for structural
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optimization and analysis of robotic arms. Stress
analysis of robot arm components and optimization
structure is performed before manufacturing [14-
17].Analyzing the robot’s dynamics and kinematics is
also necessary for optimizing robot performance [18-
19].The forward kinematics problem is used to calculate
the position and orientation of the robot end-effector
from the values of joint angles. The Denavit-Hartenberg
(DH) parameters are employed to establish the
transform matrix between coordinate frames of robot
joints.The solution of the inverse kinematics problem is
the values of the robot joint angles corresponding to a
certain pose of the robot end-effector [20-22]. Traje—
ctory planning is the basis of robot motion control and
involves the stability of robot motion, working effi—
ciency, energy consumption, etc. [23-25]. Robot trajec—
tory planning determines the final motion trajectory of
the robot arm to meet processing requirements and
ensure high performance by linking the spatial and
temporal domains of the robot during movement.
Optimized trajectory planning can help meet process
requirements, reduce jitter, and improve structural
quality to enable smooth motion [26-27].

The robot controller is a critical component of the
robot system. It has a great influence on the perfor—
mance, accuracy, and working ability of the robot.
Robot controllers can be developed based on microcon—
trollers, DSP chips, CNC controllers, embedded com—
puters, FPGAs, or PLCs. In low-cost designs, micro
controllers are commonly used. In [28], a 6-DOF robot
arm is designed and controlled by a combination of a
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computer and an Arduino board. In this study, the
function of Arduino is only to control the rotation of DC
servo motors for the robot joints. The motion planning
of the robot is performed on the ROS. Arduino com—
municates with ROS through a USB interface. Through
a Bluetooth module, Arduino is connected to a mobile
phone to control the motion of a robot arm [29]. An
application is written on the mobile phone to send the
rotation angles to the Arduino. Victor et al. [30] used
the ESP32 microcontroller to develop an affordable loT
open-source robot arm for online teaching of robotics
courses. ESP32 controls the robot's motion based on
data received through Wi-Fi from an HMI interface
deployed on a smart phone. In [31], the STM
32F407VGT6 microcontroller was chosen to control a
4-DOF parallel robot arm. The STM32 microcontroller
created the PWM signal to control the speed and
direction of DC motors. The STM32 communicated
with the computer through a USB—UART converter to
receive the position and orientation of the robot end-
effector. It can be seen that the microcontroller only
performs simple tasks such as controlling the rotation of
motors. Other complex tasks, such as kinematics and
motion control, are performed on computers.

To develop a high-performance controller, DSP or
FPGA technology is commonly used. In [32], a robot
controller based on a DSP processor was designed and
fabricated. The DSP processor calculates the rotation
angles of DC motors from the 3D coordinate and creates
signals to control the motion of DC motors. Lee and
Jung [33] provided a tutorial for the control imple—
mentation of a collaborative robot using digital signal
processors(DSPs). The DSP processor performs the task
of calculating kinematics and controlling motion by
using the time-delayed control (TDC) method. In robo—
tic systems with a large number of degrees of freedom,
the kinematic calculation processes performed by DSP
also become more complex and use large resources,
thus reducing the robot's response speed. With the
ability to calculate and process data in parallel, FPGAs
are widely used in the field of robot control. FPGA
helps improve hardware processing power and real-time
information processing speed [34-40].Chen et al. [34]
implemented the forward/inverse kinematics for a
SCRARA robot on FPGA. The parameterized function
is utilized to increase the code flexibility in the design,
and then the Finite state machine is employed to reduce
the hardware resource. FPGA-based motion control was
developed by Chand et al. [38] for a dual-arm robot.
The motion planning and control problem was solved by
implementing Lyapunov-based acceleration controllers
on FPGA. Giirsoy and Efe [40] proposed a proportion
integral differential and sliding mode control scheme for
robot manipulators based on FPGA, achieving better
trajectory tracking performance.

Implementing FPGA for robot control is a difficult
task that requires more knowledge about computation
algorithms, hardware description language, and digital
systems. Therefore, it is costly in terms of time and cost
to develop a robot controller with FPGA. In this paper, a
programmable logic controller (PLC) is employed for
the purpose of developing a cost-effective robotic arm.
PLCs are robust industrial electronic systems used for

FME Transactions

controlling a wide variety of mechanical systems and
applications. PLC systems are found everywhere, inclu—
ding in factories, office buildings, and even controlling
the traffic on our streets. PLCs are at the very heart of
the control of many critical technologies. Initially, PLC
was designed to replace traditional mechanical relays
and timers. However, with the development of
electronic technology, the functions of PLCs have been
expanded, and they can perform many different comp—
lex tasks in the industry. Several studies have used
PLCs to control the robot arm. In [41], PLC controls
two servo motors of a gantry robot system. The PLC
received the X and Y coordinates from the computer
and calculated to transform them to the rotation angles
of servo motors. In [42], PLC was employed to control a
linear delta robot arm. The rotation angles obtained
from the inverse kinematic analysis are transferred to
PLC using OPC. The necessary coding in the TIA Portal
was done to control the motor drivers so that the three
stepper motors could ensure the delta robot moved to
the desired coordinate position.

In this paper, a PLC program is developed to control
a SCARA robot with three rotation joins. Stepper mo—
tors drive the robot joints. The Delta DVPSV2 PLC
isutilized to design the robot controller. This PLC series
has four high-speed pulse output pins, so it is suitable
for this project. PLC performs kinematics calculations
to find the rotation angle of the robot joints and output
high-speed pulse to stepper motor drives for rotating
stepper motors to reach the required angles. Functions
for kinematics calculation and controlling stepper mo—
tors are written into subprogram segments. When
needed, the main program only turns on the corres—
ponding flag for executing the subprogram. A logical
sequence to implement the Pick and Place application is
easily implemented using the pre-written subprograms.

2. KINEMATIC EQUATIONS OF THE ROBOT ARM

Figure 1 shows the kinematic diagram of the robot arm
that is used in this research. The robot consists of three
rotation joints connected by three links with lengths of
b, I, and I, respectively. To establish the homogeneous
transformation matrix that expresses the position and
orientation of the end effector frame in terms of the base
frame, the Denavit-Hartenberg (DH) parameters are
used. The DH parameter tables consist of four variables:
two variables, 0 and «, used for rotation; two variables,
r, and d, used for displacement. From the DH
parameters, the transformation matrix between frame n
and frame n-1 is defined as:
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Figure 1. The kinematic diagram of the SCARA robot
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cosf, —sin6, cosar, sinb, sina,r, cosd,

siné, cos@, cosa,, —cosb, sina,r, sinf,

= . (1
0 sinq,, cosa,d,
0 0 0 1
Table 1. The D-H parameters
Joint 6:(°) ;(°) r{mm) | d{(mm)
1 91 0 12 ll
2 92 0 l4 13
3 93 0 16 15
Transform from frame 1 to frame 0:
[cos@ —sin 0 Iycosf
sin@, cos@ 0 Iysinf
Ty = ©)
0 0 1 L
| 0 0 0 1
Transform from frame 2 to frame 1:
[cos@y —sinfy, 0 I cosby
in & G 0 Iysin6
T21 _ s 9 COoSs 9 4 sin o) (3)
0 0 1 Iy
0 0 0 1
Transform from frame 3 to frame 2:
cosf3 —sinfy 0 Ilgcosby
in & G, 0 I sin6
T32 _ s 3 COSs 3 6 s 3 (4)
0 0 1 I
0 0 0 1

By multiplying the matrices together, we obtain the
transformation matrix that expresses the relation bet—
ween the end-effector frame and the base frame:

c23 —S123 0 lgepaz +lycrn + o
s c 0 I sy9z +1ys19 +1los
T30 _| %123 a 65123 T 4512 +las; )
0 0 1 L+l+1
0 0 0 1
with:
0123 = COS(&I +02 +95)
S123 = sin(Hl +92 +03) (6)

¢z =cos(6) +6,);s15 =sin(6) +6,)
¢ =cosb;s; =sinf)

From matrix T30 , the position and orientation of the
end-effector can be extracted as follows:

x, = lgcr23 +lic19 +1lseq
¥p =losi123 +lysi2 +los
2, =h +l3+1;
0,=60+0,+03

O]

where (x,, ¥, z,) is the 3D coordinate and 6, is the
rotation angle around the Z-axis.
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Forward Equation (7) determines the position and
orientation of the robot end-effector from the robot
joints angles. Contrarily, the inverse kinematic equa—
tions help calculate the joints' angles when we know the
position and orientation of the end-effector. We use
geometrical relations among links to find the inverse
kinematic equations, as shown in Figure 2.

Figure 2. The kinematic diagram of the SCARA robot
The coordinate of point C is:

x, =%, —lg cosHP

P
Ye =%, g sinHP

®)

Consider the triangular ABC; the angle 6, can be
calculated:

2 2 12 42
X T e _12 _l4

6, =—acos 9
p 2, ©))
The angle 6, is the sum of two angles a and f:
61 =a+ﬁ (10)
where:
_ l22 +3\cc2 +yc2 —lf
cosa —W (11)
2N Xe T Ye
tan B =2¢ (12)
X

c

The inverse kinematic problem has two solutions.
Consider another configuration of the robot; the values
of the angles 6, and 6, are:

2 2 42 42
X T e _12 _l4 (13)
20,1,

b =-a+p (14)

3. PLC DESIGN AND IMPLEMENTATION

65 =acos

3.1 Electricaldesign with PLC

In this project, a Programmable Logic Controller (PLC)
is employed as the robot controller to control the motion
of the robot joints. This section presents the electrical
devices used in the system and describes the functions,
technical specifications, and connection diagram bet—
ween devices. The devices and components of the
electrical circuit are shown in Figure 2.
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The PLC lies in the center of the diagram, demon—
strating the importance of this device in the electrical
circuit. PLC has the function of controlling the ope—
ration of other devices in the system. It reads the input
module's signal states, executes the user program's logic
operations, and controls the outputs. PLCs range from
small non-modular devices used for processing simple
binary signals up to large-rack-mounted modular devi—
ces, which can perform analog processing, PID control,
motor control, networking, and more. Our design
employs the small non-modular PLC DVP28SV11T2 to
develop a cost-efficient system. This PLC belongs to the
DVP-SV2 series of Delta Company. DVP-SV2 PLC is
the high-end model of the Delta DVP-S series with
larger program capacities and data registers. DVP-SV2
has excellent motion control. It consists of 4 high-speed
pulse outputs up to 200kHz.

Many motion control instructions are integrated into
the programming software to meet the applications that
require high-speed and high-precision positioning
control. Therefore, DVP-SV2 PLC is suitable for robot
motion control applications with 4-DOF. The
specifications of DVP28SV11T2 PLC are listed in
Table 2.

pneumatic valve

———
2 . ¢
>

o

e
—®
— 8

DVP28SV11T2 PLC

Limit switches

DM542 driver‘ TB6600 driver

Nema 23 Nema23 Nemal7
motor motor motor

Figure 3. Components in electrical system

Specifically, the PLC functions in this project consist of
1) output pulse and direction signals for controlling the
three stepper motors to rotate at the required rotation
angle, 2) output digital signals to change the state of the
pneumatic valves, 3) reading the signal of the limit
switches to halt the motors, 4) execute the program to
solve the kinematic equations of the robot, 5) commu—
nication with another device via RS232/RS485 port, 6)
executes the logic operations of the user program for a
specific application.

The pulse/direction signals are sent to motor drivers
to convert to voltage signals that apply to the motor
coils to create the stepper motors' precision motion.
Two NEMA 23 motors are installed in the two first
joints to rotate the robot links, and the NEMA 17 is used
for the last joint. The specifications of motors are
illustrated in Table 3 and Table 4, respectively.
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Table 2. Specifications of DVP28SV11T2 PLC

Specifications Value
Power supply 24V
Program capacity 30k step
Communications RS232/RS485
Total number of I/O pins 28 pins
Number of input pins 16 pins
Number of output pins 12 pins
Type of output pins Transistor
Table 3. Specifications of NEMA 23 motor
Specifications Value
Step angle 1.8°
Motor length 76mm
Rate current 3.0A
Holding torque 1.8Nm
Weight 1050g
Rotor Inertia 440 g.cm®
Lead Wires 4
Shaft Diameter 8mm
Table 4. Specifications of NEMA 17 motor
Specifications Value
Step angle 1.8°
Motor length 48mm
Rate current 1.5A
Holding torque 0.55Nm
Weight 0.4kg
Lead Wires 4
Shaft Diameter Smm
Table 5. Pin function of the DM542 driver
Pin Details
PUL+ |Pulse signal: receive the pulses from the cont-
roller with the voltage of 5-24V when PUL-HIGH
PUL-  |and 0-0.5V when PUL-LOW
DIR+ Direction signal: representing two directions of]
motor rotation; 5-24V when DI-HIG, 0-0.5V
DIR- when DIR-LOW
ENA+  |Enable signal: This signal is used for enab—
ENA- |ling/disabling the driver
+V Power supply, 20-50VDC
GND Power ground
A+, A- |Motor phase A
B+, B- |Motor phase B

The NEMA 23 motor is controlled through the
Leadshine DM542 digital stepper motor drive. The
DM542 is a fully digital drive developed with an ad—
vanced DSP control algorithm based on the latest
motion control technology. The main features of
DM542 drive are auto-identification motor and auto-
configuration parameter; include 15 selectable micro-
step resolutions: 400, 800, 1600, 3200, 6400, 12800,
25600, 1000, 2000, 4000, 5000, 8000, 10000, 20000,
250000; input voltage from 18-50VDC; 8 selectable
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peak current: 1A, 1.46A, 1.91A, 2.37A, 2.84A, 3.31A,
3.76A, 4.2A; pulse input frequency up to 200kHz with
optical isolate; over voltage, over current protections.
Table 5 details the pins’ functions of the DM542 drive.

The NEMA 17 motor is controlled through a
TB6600 digital stepper motor drive. This drive has 6
selectable micro-step resolutions: 200, 400, 800, 1600,
3200, 6400; 8 selectable peak currents: 0.7A, 1.2A,
1.7A, 2.2A, 2.7A, 2.9A, 3.2A, 4.0A. The supply voltage
is from 9V to 42VDC. The pins’ function of TB6600 is
the same as the DM542 drive.

Three limit switches are arranged at the end of the
stroke of the rotating joints to limit the rotating joints'
rotation angle and determine the joints' initial position
when starting. When powered on, the robot joints rotate
to touch limit switches. Then, the motors stop reverse
rotation. The joints rotate with a certain rotation angle to
return to zero origin. In this position, the robot arm is
straightened.

Figure 4 shows the wiring diagram of the electrical
circuit. It must be noted that the PLC's DC input has two
operating modes: SINK and SOURCE. It depends on
the current going into or out of the S/S pin of the PLC.
The diagram in Figure 4 uses the SINK mode. The S/S
pin is connected to the 24V source, so current flows
from the 24V source to the S/S pin. The input pins X0,
X1, and X2 are connected with the limit switches of
robot joints. The input pins X3 and X4 are connected
with the start and stop buttons. The high-speed pulse
output pins YO0, Y2, and Y4 of the PLC are respectively

connected to the PUL pin of the stepper motor
drives.The output pins Y1, Y3, and Y5 are used as
direction pins, which are connected to the DIR- pins of
the stepper motor drives. Switching power is used to
convert the 220VAC to the 24VDC power. 24VDC
power is distributed to other devices such as PLCs,
stepper motor drives, and coils of pneumatic valves. A
circuit breaker (CB) is installed at the input 220VAC to
protect all devices in the circuit. The output of the CB is
connected in series with an EMI/RFI filter device. The
purpose is to stop noise from entering and disrupting the
operation of electrical equipment and stop electrical
equipment in the circuit from putting EMI/RFI noise
onto the power lines.

3.2 PLC programming

To write a program for the Delta DVP-PLC series, the
software WPLSoft is used. In addition to basic
commands, WPLSoft provides application commands to
generate high-speed pulses to the output pins and
conduct the arithmetic operations applied in our
application. The API 57 PLSY is the command for pulse
output with the structure as follows:

[PLSY[s1  [s2  [D |

S1: Pulse output frequency
S2: Pulse output number
D: External output (Y0, Y2, Y4, Y6)
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Figure 4. The wiring diagram of the electrical system
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PLSY instruction assigns the number of output
pulses S2 from output device D at the frequency Sl1.
Before using this command, the direction signal pin of
the motor drive must be assigned so that the motor
rotates in the correct direction. The PLSR command
performs the same function as PLSY; however, it allows
the generation of acceleration pulses, which helps the
motor accelerate and decelerate when starting and
stopping, minimizing vibrations. The structure of the
PLSR command is:

[PLSR [S1  [s2 | s3 |D |
S1: Pulse output frequency
S2: Pulse output number
S3: acceleration/deceleration time (ms)
D: External output (Y0, Y2, Y4, Y6)

Table 6 lists some arithmetic operations that are
used to solve the forward kinematic and inverse kine—
matics equations.

The robot control task is divided into many prob—
lems, from simple to complex. The first requirement to
perform is to return the robot arms to zero.

Table 6. The arithmetic operations

Command Functions

DADDR Floating point number addition

DSUBR Floating point number subtraction

DMULR Floating point number multiplication

DDIVR Floating point number division

DCOS Cosine operation of binary floating
point

DSIN Sine operation of binary floating
point

DTAN Tangent operation of binary floating
point

DACOS Arccosine  operation of  binary
floating point

DATAN Arctangent operation of binary
floating point

DESQR Square root of binary floating point

_|M1? r/n} [psv Koo Ko ) |

Figure 5. Program to rotate the first joint to the home
position.

Figure 5 shows an example of returning a motor to
zero.The pulse signal is the YO pin, Y1 is the direction
signal, and XO is the limit switch. Register D200 is used
to contain the number of pulses to rotate the motor when
it touches the limit switch to the zero position. The flag
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M1029 will be On when the CHO pulse output is com—
pleted.

To conduct the kinematic calculations, the kinematic
parameters of the robot are stored in the data registers
for convenience in calculations and command usage.
The data registers are shown in Table 7.

Table 7. The register to store the kinematic parameters

Variables Registers

L D212

Iy D214

Is D216

X, D218

Y D220

0, D222

0, D224

6, D226

0; D228

Xe D14

Ve D16
2oy b22
x +y -l b
T D20

l22 D26

a D30

p D32

Figure 6 is the ladder diagram to calculate the angle
6, according to Equation (9). This program segment will
be executed when contact MO is activated. Each
command in the PLC ladder program performs the
calculation of one or two terms. Therefore, the equation
is broken down into multiple statements, each statement
performing a calculation. The previous calculation
results are stored and used for subsequent calculations
until the equation is completed. For example, to
calculate the value x,, first, the cosfp is calculated by
the command DCOS and stored in register D10. Then,
multiply two registers, D216 (store the value of /5) and
D10, by command DMULR corresponding to the
expression /scost,; the result is stored in register D10.
Finally, subtract register D218 from register D10 by the
command DSUBR and store the result in register D14,
which is the value x.. The first six lines of the program
calculate the coordinate ((x.y.)) according to Equation
(10). These values are contained in registers D14 and
D16 for calculating &, and 6, angles. The program to
calculate the angles 8, and 6; are illustrated in Figure 7.
Some values that are used to calculate the angle 6, are

re-used to calculate the angle 6, such as xf + yz stored
in D22 and xL2 + yf —lf stored in D24. Add two re—
gisters, D26 and D24, by the DADDR command to cal—

culate the value of the expression l22 +x62 + ycz —lf ; the
result is stored in D18. Using the DSQR command to
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calculate w/xcz + yf , the input is D22 (store the value of

x? + yf ), and the output is stored in the D28 register.

Then, DDIVR instructions are used consecutively to
calculate the value of cosa according to Equation (11);
the value of cosa is stored in D18. Next, the DACOS
command is employed to calculate the value of angle a;
the result is stored in the D30 register. Divide two
registers, D16 and D14, to calculate the value of tanf
and use the DATAN command to get the value of the
angle f; this value is stored in the D32 register. Finally,
two registers, D30 and D32, are added together by the
DADDR command to obtain the angle 6, (stored in the
D224 register).

MO
i

[pcos

D222

!DMHLR

D2Z16

010

[psuer

D218

D10

[Dsin

D222

[GwiiA

D216

[psus

D220

[oMuLR

D14

[oMuLR

D18

D16

D10

[pADDR

D18

010

[oMuLR

D214

D24

D10

[psusr

D22

010

D24

[oMULR

D212

o212

D26

[psugr

D24

D26

D18

[oowve

D18

F2.000

[6eA

D18

D212

D18

[oowR

D18

D214

D18

1r\A[DS

D18

!wu\_n

MO
|

D18

F-1.000

|
\
|
|
]
\
]
\
022 ]
|
\
\
J
|
\
J
|
|

D226

Figure 6. Program to calculate the angle 6,

[DaDDR

D24

D26

D18

[DESoR

D22

D28

!nmva

D18

D28

D18

[oovR

D18

D212

D18

[ooivR

D18

F2.000

D18

[DACOS

D18

D30

[ooIvR

D16

D14

[DaTan

D18

D32

[DapDR

D30

D32

D224

[aDDR

D224

D226

D30

!r\QIIDH

D222

D30

|
|
|
I
|
|
D18 ]
I
|
|
]

D228

[DDRVI[S1I [s2 DI [D2 |
e S1: Number of output pulses (relative
designation)

e S2: Pulse output frequency
D1: Pulse output device (Y0, Y2, Y4, Y6)
e D2: Output device for the signal of rotation
direction
Figure 8 shows the program segment for the Move
Joint Instruction. The data registers D242, D244, and
D242 store the pulse frequency of the first, second, and
third joints, respectively. The flags M1029, M1030, and
M1036 are On when pulse outputs are completed. So,
the flag M2 is set to OFFF when all three flags are ON,
ending the process. At the same time, M6 is also set ON
to indicate that the program has finished executing. This
program segment is used as a sub-function. When we
want to move the robot from one point to another, we
just need to put the rotation angle values into registers
D242, D244, and D242 and turn on the M2 motor to
execute the program. When the program finishes, the
M6 flag is turned ON; we use this mechanism to
continue executing the next commands.

M2
Lt} [DsuBR__ D230 D224 034 |
[DsueR  pzaz 026 0% ]
[Dsuer D234 D228 03 |
[oMuLR D3 023% 040 ]
[oMuLR 036 D238 D42 ]
[OMULR D38 D240 D44 |
D40 D40
D42 D42
D43 D44
SET M3
SET M4
SET M5
M3
- DDRVI D40 D242 o 1 ]
M1023
F AST M3
M4
- DDRVI_ D&2 D244 Y2 v3 ]
M1000
t RST M4
M5
- DDAV Dé4 D246 V4 5 ]
M1036
; RAST M5
MI28  MI0H M1038
—— ST M2
| SET M6

Figure 8. Program to for the Move Joint Instruction

RST MO

Figure 7. Program to calculate the angles 6, and 0;

The main application developed in this study is
Pick-and-Place tasks. To perform this task, a program
segment is written to rotate three joints from the current
position to the desired position (Move Joint Instruction).
The contact M2 is used to activate this sub-program.
The desired absolute angles of three joints are stored in
registers D230, D232, and D234, respectively. Then, the
relative angles are calculated by subtracting the desired
angles from the current angles. The relative angles are
used to calculate the number of pulses for the stepper
motors. The INT command is used to convert the
floating point numbers to the integer values. The
DDRVI command has the function of creating pulses to
the output pins. The structure of the DDRVI is as
follows:
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4. EXPERIMENT RESULTS AND DISCUSSION OF
THE ROBOT ARM CONTROLLED BY PLC

Figure 9 shows the experimental robot arm and elec—
trical cabinet. The links of the robot arm are machined
on a CNC machine with aluminum alloy. Mechanical
parts are precisely machined on the CNC machine to
ensure that the assembly meets technical requirements.
The lengths of the robot's links are /; = 260 mm, /, =
240 mm and /3 = 60 mm. The robot control cabinet is
constructed based on the electrical diagram in Figure 4.
The size of the cabinet is 800x600 mm. The NEMA 23
motors are set up with a resolution of 10000 pulses/
revolution, and the NEMA 17 motor is set up with a
resolution of 6400 pulses/revolution. Because stepper
motors are used, joint speeds are limited to values of
360 degree/s.
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Before uploading code to the PLC, we need to test
the correctness of the programs. One of the most error-
prone programs is the inverse kinematics problem
because it involves complex arithmetic calculations that
a PLC cannot easily handle. Using the simulator
function of the WPLsoft software, we run the simulation
to calculate the angles 6, 6,, and 65 by loading different
values of the end-effector position and orientation to the
registers D218, D220, and D222, respectively. After
running the program, open the "monitor devices"
window on the software and add the data registers to the
Device Name column to see the floating point values
(see Figure 10).Because the inverse kinematics problem
is solved using geometric methods, AutoCAD software
is used to draw the robot's configuration and measure
the values of joint angles. Comparing the rotation angle
values obtained by simulation and the measured values
on AutoCAD software, the results show that the
program written on WPLsoft gives the correct solution.
Some simulation cases are shown in Figure 11.
Similarly, the simulator function on WPLsoft also tests
other program segments.

(a) SCARA robot arm

Noise Filter . Swiching
power supply

Meotor Drivers

(b) Electrical cabinet

Figure 9. Experimental system

Figure 11 shows the flow chart to control the robot
arm for a Pick and Place application. When turning on
the CB on the electrical cabinet, the operation sequence

FME Transactions

of the robot is as follows: First, the robot moves to the
home position. At this position, the values of the robot's
joints are zeros. Second, the robot moves to the object's
position to grasp the object by using the Move Joint
Instruction described in this paper. When the end-
effector has approached the object, the PLC outputs a
signal to an output pin to close the gripper; the object is
attached to the gripper. Then, the robot brings the object
to another position and de-attaches the object to place it
in a certain position. The above process will repeat until
the last object is picked up. Finally, the robot returns to
its home position to wait for another task.

Device Name |Cnmmenl |s:an1rc[1>m{hm|mmg Point |Fonnal IT'C Set v{
D213 Xp valve KO KLI3F460.000 Signed Decimal
D220 Yp value K0 K-10F-100000 Signed Decimal
D122 thetaP value K0 KO F0.000 Signed Decimal
D224 theta 1 angle K-21K105F0.32¢ Signed Decimal
D226 theta 2 angle K42/K-10 F-1.203 Signed Decimal
D228 theta 3 angle K-1IK106F0.874 Signed Decimal
Device Name Comment |5m41'.c|1=m{mu|nmmg Point |Format [T CSet v{
D218 Xp value KO0 KI113F300.000 Signed Decimal
D220 Yp value KO [K112F115.000 Signed Decimal
D2 thetaP value K-72K105F0.523 Signed Decimal
D224 theta 1 angle K-22K106 F0.983 Signed Decimal
D226 theta 2 angle K-12K-10 F-2.106 Signed Decimal
D228 theta 3 angle K-17K107F1.646 Signed Decimal
Device Name Comment |Stan.1T.C|Pres{Pu»4P1mmg Point |Format [Tsc Set v{
D218 Xp value K-32K113F273.000 Signed Decimal
D220 Yp valve KO K-I0F204000 Signed Decimal
3555} thetaP value K-1(K106 F0.890 Signed Decimal
D224 theta 1 angle K41K106 F1.007 Signed Decimal
D226 theta 2 angle K20K-10 F-2.165 Signed Decimal
D228 theta 3 angle K31 K107F2.047 Signed Decimal

Figure 10. Some simulation results

Move the robot to

the home posion

Move the robot to
picking position

Attach the object to
the gripper

T

Move the robot to
the place position

T

De-attach the object
from the gripper

No

Move the robot to
the home posion

Figure 11. Flow chart for Pick and Place applications

Figure 12 shows the states of the robot in the
operation process: (a) shows the configuration of the
robot at the home position, (b) shows the robot at the
position to grab the objects, (c) the object is grabbed by
the gripper, (d) shows the robot at the position to place
the object. Experimental tests have shown that the robot
operates correctly, and the programs do not have
calculation and logic errors. The stepper motor can
reach the speed of 360 degrees/s without losing steps.
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(c) grab object

Figure 12. Test the operation of the robot in a Pick and Place task

As a result, the robot takes about 1.2 to 2.5 seconds
to pick and place a product. Therefore, the robot can
meet the requirements of pick-and-place applications in
production lines. Using PLC to design the controller
helps the robot operate stably and durably; the signal
from the PLC is less affected by noise from the
surrounding environment.

5. CONCLUSIONS

This paper has designed a controller based on PLC for a 3-
DOF SCARA robot arm. The devices and components of
the electrical circuit are analyzed and connected together to
control the robot arm. PLC plays a key role in the electrical
system. It controls the operation of other devices, such as
motors, valves, and sensors. The kine—matics equations of
the robot arm have been analyzed. A PLC subprogram of
the kinematics equations is written to calculate the rotation
angles of the robot joints.The si—mulator function of
WPLsoft validates the kinematic solution.

Using commands to perform the high-speed pulse
generation task, a sub-program is programmed to
perform the point-to-point control task. A Pick and
Place application is implemented to verify the accuracy
of the program. The results show that the robot can
grasp objects without errors. The stepper motors can
reach the speed of 360 degrees/s without losing steps.
As a result, the robot takes about 1.2 to 2.5 seconds to
pick and place a product. Using PLC to design the
controller helps the robot operate stably and durably.
Therefore, the designed controller can be applied in
industrial environments.
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JAU3AJH U PA3BOJ TPOIIKOBHO-E®UKACHE
POBOTCKE PYKE CA POBOTCKHUM
KOHTPOJIEPOM BA3SUPAHUM HA ILIL-Y

B.J. Kour

Jla Ou ce pa3Bmia ucIulaTHBa poOOTCKAa pykKa 3a
TUIWYHY NPUMEHY IUIK aHJA IUlalle Koja ce MOXKe
NPUMEHUTH Y WHAYCTPHjU, OBaj paj je NPUMEHHO
nporpamabuwinn  jorudku  koHTposep (ITJIL[) 3a
KOHTpOJIy PpOTallMOHOT KpeTama 3riiodoBa pobora.
I'maBuu 3apmamm IIJIL koHTponepa cy u3pavyHaBambe
KHHEMAaTHKe, KpeHpame HWMITYJICHAX H3J1a3a BEJUKe
Op3uHEe 3a KOpadHe MOTOpe H HWMIUIEMEHTAIja
orepaluja cekBeHie 3a oxpeheHy npumeny. dyHkuuje
ce ymmcyjy y cermenre mnormporpama. Kama je
noTpebHO,  TIJaBHM  IPOrpaM  yKJbydyje  camo
oarosapajyhy 3acTaBuily 3a M3BpIIaBame MOTIIPOTpama.
Kopumhewem yHampejq HanmcaHuX MHOTIpOrpama,
JIOTMYKM HH3 332 MMIUIEMEHTauujy arumkaugje [lnmx
anyn Ilnane ce j1ako MMIUIEMEHTHpa M OIKCYje Y OBOM
pany. IIJIL] nporpam je pasBujen 3a koutpory CLIAPA
pobota ca Tpu poranuone crojuune. Kopauyan motopu
mokpehy 3rimoboBe pobota. [enra ABIICB2 TUIL ce
KOPHCTH 3a JW3ajHUpame PoOOTCKOr KoHTpoiepa. OBa
cepuja IJII[-a mma wetupu Op3a HWMIyJICHA W3JTa3HA
[MHA, IITO je TOroJHO 3a 0Baj mnpojekar. CHHXPOHO
KpeTame KOpayHMX MOTOopa C€ JIaK0  HM3BOIU
kopumhemeM KOMaHAM 3a Op3W HUMIYJICHH U371a3
yrpahennx y IUJII nmporpam. ExkcnepumenTtaniHu
pe3yaTaT ynpaBibamkba POOOTCKOM PYKOM Cy IOKa3aliu
e(UKacHOCT W Ta4yHOCT pa3BHjEHOr  Iporpama.
[IpoGnemn  KWHEeMaTHKe Hampeg W HWHBEp3HE
KMHEMaTHKe pOOOTCKE pyKe Ccy BepH(UKOBaHU
kopumhemeM cuMmyiaropa y copTepy. 3rI000BH
poboTta ce momepajy CHHXPOHO Kako je MOTpeOHO 3a
obaBJpame aIuIMKaIHja 3a ONpame U IIOCTABIbAILE.
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