1OSR Journal of Electrical and Electronics Engineering (IOSR-JEEE)
e-ISSN: 2278-1676,p-ISSN. 2320-3331, Volume 9, Issue 4 Ver. IIl (Jul — Aug. 2014), PP 35-44
www.iosrjournals.org

Modeling and Implementation of Wireless Embedded Robot Arm
for Object Sorting

C. Chandra Mouli', P. Jyothi*, K. Nagabhushan Raju’

!Senior Research Fellow, Department of Instrumentation, Sri Krishnadevaraya University, Anantapur, INDIA
’Research Scholar, Department of Instrumentation, Sri Krishnadevaraya University, Anantapur, INDIA
3 Professor, Department of Instrumentation, Sri Krishnadevaraya University, Anantapur, INDIA

Abstract: Inverse Kinematic (IK) model of Dexter ER2 Robotic Arm and its implementation using wireless
embedded system for object sorting application was presented in this work. Dexter ER2 Robotic Arm is a
vertical articulated serial robot arm built by using DC servo motors. IK modeling of robot arm was carried out
in PC by using geometric method which determines the joint angles of the robot arm for required end-effector
position. Determined joint angles are transmitted from PC to ARM microcontroller LPC2148 using long range
Zigbee wireless communication. LPC2148 was programmed in embedded ‘C’ in such a way that it receives the
joint angles through long range Zigbee wireless communication and converts into corresponding PWM signals
to control the DC servo motors for robot arm end-effector position. The results were taken for different points,
where the end-effector can reach in its workspace. LabVIEW software package was used for modeling and
transmitting the joint angles to the LPC2148.
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I. Introduction

Wireless embedded systems and robotics are the most developing technologies in this modern
epoch.Bare embedded technology demands a system that could easily connect data transfer devices over
distances — without using wires that grew stronger [10]. Embedded wireless technology is anticipated to burst
and touches every area from robotics, industrial automation and medical devices, to the transportation
infrastructure and manufacturing. The core of an embedded system is its processor/controller. ARM processor is
one of the embedded processor that was taken the world of embedded systems to the next level. It provides
powerful information processing capability and execution. Junhua Yang in his paper explained about ARM
processor [11]. Mo Guan proved that ARM processor is best suitable for wide variety of wired and wireless
network applications [19].

Robot arm is an electro-mechanical device which is capable of performing several jobs that ranges
from simple mechanical tasks to extremely difficult jobs [1]. Robot arm modeling and implementation
implicates the study of its kinematic behavior [2]. Kinematics of the robot arm gives the motion of bodies
without concern of the forces or moments that cause the motion. IK modeling is important for analyzing the
actions of a robot manipulator.Robot arm kinematics has been divided into forward kinematics and inverse
kinematics [3]. The present study will focus only on IK model. The process of computing the joint coordinates
for a given set of end-effector coordinates is called IK [8]. IK problem is more complex than forward kinematic
problem in case of serial robotic arm [3]. Many researchers have evaluated and executed these problems in
different scenarios using different tools and devices.Researchers frequently use geometric methods for serial
manipulators which are relatively simple geometry [4]. Geometric method was used for IK model in this work,
due to its versatility and acceptability to solve the kinematic model of any number of joints and links of a serial
manipulator regardless of complexity [8].

S-axes articulated robot arm kinematic model was designed with a homogenous 4 x 4 matrix
calculation in [5]. A low cost 4 DOF robot arm was designed using LabVIEW where joint angles are calculated
and transmitted to the microcontroller through LabVIEW using wired communication [6]. To optimize the
inverse kinematics problem of robot arm, an optimization process was carried out using neural networks and
LabVIEW only for simulation in [7]. Existing object sorting robot arm systems described in [12-18] generally
works with CISC microcontrollers and they use wired embedded system to control robot arms for object sorting.

IK model of Dexter ER2 Robotic Arm and its implementation using wireless embedded system for
object sorting application. LabVIEW installed PC is used for IK model of robot arm and transmitting the joint
angles. Long range Zigbee high level communication protocol is used to establish communication between PC
and ARM microcontroller. The proposed system introduces the configuration of robot arm and ARM processor
based wireless embedded system for object sorting application. The software part of PC was developed by
Graphical Programme (GP) using LabVIEW and software part of ARM microcontroller was developed by
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embedded ‘C’. Since the present work was focused on IK modeling and its implementation, object sorting
system was not presented in this paper.
TablelSalient Features of Dexter ER-2 heavy duty robotic arm

Mechanical Structure Vertical Articulated
Number of Axes 5 axes plus servo gripper
Axis Movement
Axis 1: Waist rotation 180°
Axis 2: Shoulder rotation 180° (Dual servos)
Axis 3: Elbow rotation 180° (Dual servos)
Axis 4: Wrist pitch 180° (Dual servos)
Axis 5: Wrist roll 180°
Maximum Operating Radius 308mm
End Effector DC servo motor based gripper with Parallel finger motion
Maximum Gripper Opening 55mm
Actuators 5VDC servo motors
Motor Capacity (axes 1-4) (7 motors) | 15Kg/cm
Motor Capacity (axes 5)
Motor Capacity (gripper) 7Kg/cm
7Kg/cm
Weight 1.5Kg
Power 5V-10Amp; 12V-2Amp (SMPS)

II.  Inverse Kinematic Model
Dexter ER2 robotic arm is a vertical articulated 5-axes robot arm that was designed by using DC servo
motors. DC servo motors are controlled through Pulse Width Modulation (PWM) signals. DC servo motors
compriseof encoders which automatically deliver feedback to the motors and change the position consequently.
The drawback of these motors is the rotation anglerange is from 0° to180°.Servo motors were selected based on
the maximum torque mandatoryto the structure and loads.

S, _.—Elbow Joint
. (2 DOF)

»,
TaElbow Joint

Fig. 1 Joint Configuration ofDexter ER-2 Robot Arm

Table I gives its salient features of the robot arm. Since the robot arm consists of six rotational joints
from base to griper it is a 6DOF robot arm. It has three links L1, L2 and L3 with lengths 9cm, 8cm and
13.8cm respectively. The gripper can open its tooth up to 5.5cm.Fig. 1 shows the joint configuration of the robot
arm and its comparison with human arm. It uses 9 servo motors of which 7 are metal gear servo motors with
15Kg/cm torque and 2 servo motors with 7Kg/cm torque. It has 5 degrees of freedom which includes: Base
rotation, Shoulder rotation, Elbow rotation, Wrist pitch and roll. Out of which Shoulder rotation, Elbow rotation,
Wrist pitch has two 15Kg/cm torque servo motors in parallel for giving additional torque.

IK model involves solving the set of geometric equations using trigonometric functions. Generally the
equations are complex and nonlinear, hence IK becomes more complicated.

theta3 L3=03+4

Effector

Fig. 2 Kinematic Model of Dexter ER-2 Robot Arm
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Fig. 2 shows the kinematic model of the present robot arm. Basics of trigonometry give the joint
coordinates of the robot arm for position and orientation of the end effector as follows

x = Ly cos(08;) + L, cos(0; + 0,) + Lycos(6; + 06, +603) (1)
y= Ll Sin(el) + Lz Sin(91 + 92) + L3 Sil’l(91 + 92 + 93) (2)
®=91+92+93 (3)

Eqn. (1), (2) and (3) gives the relationship between the effector coordinates and joint coordinates. To
find the joint coordinates to the set of end-effector coordinates (x,y, @), one needs to evaluate the nonlinear
equations for8;, 6,and0;. Table II shows the link lengths of Dexter ER-2 robot arm. Link L; = 13+14 as shown
in the Fig. 2.

Table IILink Lengths of Dexter ER-2 mrA toboR

Joint Waist | Shoulder | Elbow
Symbol L, L, Ls
Link Length [mm] | 90mm | 80mm 138mm

Substituting (3) into (1) and (2),0;can eliminate so that we have two equations in 6; and 0,:

x — Lzcos@ = L, cos(8,) + L, cos(0; + 6,)
y — Lssin@ = L; cos(0;) + L, cos(6; + 6,)

4
)

Rename the Eqn. (4) & (5) as x, = x — Lzcos@,y, =y — Lssin@for ease. From Fig. 3 and the law of cosineswe
getEqn. (6).
x2+y2—15—-13

cosa = L L
A x> +y?—12-13
a = Acos L,
6, =180 — « (6)
After intensive mathematical computations Eqn. (7) was yielded for0;.
L,sin@,
6, = Atan2(y,,x, ) + Asi 7
1 an (yp xp) sin X212 (7

From Eqn. (3) 0;=0-06,—06,(8)

(x, y.@)

X
Fig. 3x, y, O plane

By executing the Eqn. (6), (7) & (8) using LabVIEW one can get the robot arm end-effector
position.Since all the angles are measured in anti-clockwise therefore 6,&05 areshows the negativeangles and
Eqn. (6) & (8) are modified as follows for positive angles. By executing Eqns. (7), (9) & (10) one can get the
correct joint angles.

62 = 62 — 270
8, = 180 — (85 + 270)

(€))
(10)
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Fig. 4 Schematic Diagram of Zigbee Module at PC

III. Hardware Configuration
This section describes hardware configuration and components used. Hardware components used in the
present work are PC, a pair of long range Zigbee wireless modules, ARM application specific board and Robot
arm. PC used in the present work is a HP 430 Laptop. HP 430 comes with 2nd Gen Core i5 processor, 4GB for
fast processing and 500GB HDD.

Power Supply
(SMPS)
Voltage
Regulator
LMI1117
LPC2148 A Zigbee
(R ) ] Module
U Relay Circuit ~/
ULN2003 ::> : Robot Arm
>

Fig. 5 Block Diagram of present work at microcontroller

Fig. 4 shows the schematic diagram of Zigbee module used to interface with PC. The Zigbee device
used in the present work is XBee Pro 802.15.4 OEM RF module. It is used to establish the low power sensor
networks which work with minimal power and produce reliable data between the nodes. It operates at ISM 2.4
GHz frequency band for long range communication. Since PC works with RS232 standard voltage levels and
Zigbee works with TTL voltage levels, a converter is required to convert RS232 standard voltage levels to TTL
voltage levels and vice versa. Standard serial interface RS232 of PC uses voltage levels in a range between -12V
and +12V. For the serial signal it uses the voltage ranging between -3 and -12V stands for a logic one ‘1°,
whereas a voltage in a range between +3V and +12V stands for a logic zero ‘0’. In order to adjust this signal to
voltage levels present on the XBee pins (TTL standard), it is necessary to use a voltage level converter. The
MAX232 board features a built-in circuit MAX232 used to perform necessary adjustment. This circuit is
powered with a single 3.3V voltage and used to convert a serial signal from TTL to RS232 standard and vice
versa by means of a built-in voltage generator. The schematic diagram consists of MAX232 interfacing module
schematic diagram at the top left corner, power supply schematic diagram for XBee module on the top right,
XBee module schematic and the LED indicators used on XBee module. The schematic of MAX232 shows that
pin no. 11 and 12 are used as transmission in and reception out respectively to the XBee end. Pin no. 14 and 13
are used as transmission out and reception in to the PC end.

Fig. 5 shows the block diagram of the present work at microcontroller end. The block diagram contains
a 5V-10A Switch Mode Power Supply (SMPS), voltage regulator LM1117, Zigbee module, LPC2148 ARM
microcontroller, robot arm, ULN2003 and relay circuit. 5V supply was regulated using LM1117 to 3.3V to
provide power supply to LPC2148 and XBee module.
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ARM microcontroller used in the present work is LPC2148 which comes with LPC2148 application
specific board. This board is a powerful development platform based on LPC2148 ARM7TDMI microcontroller
and ideal for developing embedded applications involving high speed wireless communication. The on board
peripherals include XBee module interface, ULN2003 500mA current sinking driver.Since robot arm was
designed by using nine SVDC servo motors a 5V-10A SMPS was used.

6DOF robot arm requires six PWM signals to control the end-effector position. Because of the
flexibility to configure six PWM channels, LPC2148 was chosen for the present work. Each PWM port pin of
LPC2148 has multiple functions as shown in TABLE II. Since it requires total six PWM channels to control the
robot arm, a relay circuit was used as shown in Fig. 3 to switch the control of port pins P0.8 and P0.9 from
PWM4 and PWMB6 to DI and DO of XBee Module respectively. The relay circuit consists of two 6VDC relays
which are controlled by using port pins of LPC2148 through ULN2003. Port pins P1.20 and P1.21 were
connected to the pins 1 and 3 of JP11 respectively. Pins 1 and 3 are shorted to 2 and 4 of JP11 to connect the
control logic of P1.20 and P1.21 to ULN2003 pins I1 and I2 respectively. Ol and O2 are connected to
ULN2003 pinl and ULN2003 pin2 of relay circuit as shown in Fig. 3. When P1.20 and P1.21 are driven with
‘0’ logic then P0.8 and P0.9 were connected to control the servo motors SM4 and SMS5 of robot arm
respectively. When P1.20 and P1.21 are driven with ‘1’ logic then P0.8 and P0.9 were connected to DI and DO
of XBee module to transmit/receive the signals.
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Fig. 6 Schematic Diagram of LPC2148 and Robot arm control

Table III Lpc2148 Pins Multiple Functions Configuration

Port No. Functions

P0.0 PWMI1/TXD0

P0.7 PWM2/SSELO/EINT2
P0.1 PWM3/RXDO/EINTO

P0.8 PWM4/TXD1

P0.21 PWMS5/CAP1.3

P0.9 PWMG6/RXD1/EINT3

IV.  Software Configuration
Software configuration of the present work was divided into two parts such as LabVIEW and
embedded ‘C’. LabVIEW program was developed on PC for inverse kinematics evaluation, simulation and
transmission of joint angles to embedded system through XBee module. Embedded ‘C’was used to program
LPC2148 microcontroller, so as to receive the joint angles and convertsthe joint angles to respective PWM
signals that controls the servo motors of robot arm.
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XBee Port Setting Robot Arm Input Robot Arm Movement Robot Arm Joint Angles
Com Port Baud Rate X Y thetab theta3
{com2 - 9600 a0 30.8 90 90

Data Bits Parity ThetaB ThetaW thetal thetaw
48 None .90 90 90 90
Flow Control  Stop Bits ThetaG theta2 thetag
¥ None #1.0 90 20 90

stop| @ Invalid Position
Fig. 7 LabVIEW Front Panel of the present work

A. Lab view

IKmodel and implementation of robot arm was presented in [20]. In this paper geometric method was
followed to develop IK model and parallel communication was used to transmit the joint angles to LPC2148. IK
model calculatesonly three joint angles i.e. shoulder (thetal), elbow (theta2), and wrist pitch (theta3) while the
base (thetab) and end effector (thetag) is straight away given for desire position so as to control only five servo
motors of the robot arm. But the present work provides the wrist roll (thetaw) control. Same as thetab and
thetag, thetaw is also straight away given as input through front panel.
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Fig. 8 LabVIEW Block Diagram of the present work

Fig. 7 shows the LabVIEW front panel of the present work. It consists of XBee port setting, Robot Arm
Input and Robot Arm Joint Angles. XBee port settingis a cluster of six elements used to initialize the com port
settings for Zigbee communication. It contains a VISA resource name VInamed as Com Port, one unsigned long
32-bit integer named as Baud Rateand four unsigned 16-bit integers named as Data Bits, Parity, Flow Control
and Stop Bit. Com Port, Baud Rate,Data Bits, Parity, Flow Control and Stop Bit values were set to COM2 (since
communication port was established in port2), 9600, 8, None and 1.0 respectively. Robot Arm Input is a cluster
of five elements namely X, Y, ThetaB, ThetaW and ThetaG whichare used as robot arm inputs. Robot Arm
Movementis 3D Picture ControlVI which is used to observe the robot arm transformation in simulation. Robot
Arm Joint Angles are numeric displaysthetab, thetal, theta2, theta3, thetaw and thetag are 64-bit numeric
indicators used to display the joint angles of the robot arm. Invalid position and stop is the indicator and control
Boolean variable respectively.

Fig.8 shows the block diagram of the present work using LabVIEW. Total block diagram has been
divided into three parts such as IK model, XBee communication and 3D picture control. IK model and XBee
communication was executed in a Time critical loop. It executes one or more sub diagrams, or frames,
sequentially each iteration of the loop at a given period. To execute the IK program and XBee module
sequentially a flat sequence structure was used. It consists of two frames one for IK model and one for XBee
module program to execute sequentially.
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X float ¢, xp, yp, thetai, theta3h,alpha;

B xoxy-y

¥

G| thetal = sten2; (hetall—fymnjthetal
theta3h = thetai+pi/2*{{x**2+y**2)/(L1+L2+L3)*2)**(0.5)-pif2; |,

B pif2*({ yH2)/( e (TP vaen theta2

=1 P = x - L3*cos(theta3h}; thetasl  Geeojtheta3

2 L2yp = ¥ - L3*sin(theta3h);

Brl

Lgc = (xp**2+yp™2-1142-12442)/(2* 1*12);
alpha = acos(-);

Exx theta2=alpha+pi;

thetal = atan2(ypxp) + asin{L2*sin(alpha)/{xp**2+yp**2)**(0.5));
theta3 = theta3h - thetal - theta2;

Fig. 9 Block Diagram of IK Program in LabVIEW

IK model was evaluated and Eqns. (7), (9) & (10) were yielded. Theseequations determine the correct
joint angles for any object in the workspace of the robot arm. Fig. 9 shows the block diagram of IK program in
LabVIEW. The VI calculates values for thetal, theta2, theta3of Eqns. (6), (7) & (8). Eqns. (7), (9) & (10) are
evaluated in the flat sequence structure. The sub VI was developed from the formula node that gives the detailed
evaluation description of inverse kinematics for robot arm. Two input constraints x and y are used to determine
three angles. thetai is the angle from the base to the end effector, theta3h is the position of the arm based on the
distance from the base, xp and yp are the proximal joint of the last link and alpha 1is just a temporary variable.
thetal and theta2are solved by using the cosine rule and theta3 solved from thetal, theta2 and theta3h.

Second part is the serial communication part which is used to transfer the joint angles of the robot arm
from PC to LPC2148. VI named as VISA serial shows the VISA Configure Serial Port VI. It initializes the
XBee port specified by Com Portand settings specified by the front panel controllers. The second VI is VISA
Read VI reads ctrl_pin from microcontroller LPC2148. If ctrl_pin is equal to ‘0’ then the third VI VISA Write
Vlwrites the joint angles from write buffer to the device. Third part is the 3D picture display which is used to
observe the simulation of the robot arm on the front panel of PC. Fig. 10 shows the flow chart of the total
LabVIEW program.

B. Embedded ‘C’

The most important phase in the present work is servo motor position control andsoftwarecodingof the
ARM controller LPC2148. Total 6 PWM signalswere generated from LPC2148. After a deep investigation of
servo motors, 0° angular position can be achieved with 600us on-time in total time period of 20ms and 180°
with 2.2ms on-time in total time period of 20ms.

Initialize XBee
Port

Com Port Seltings

LILLZ&L3

Position & Oricntation

ctrl_pin =0
& Valid
Inputs

Yes
IK Model

Joint Angles

Invalid
Position

Fig. 10 Flow Chart of LabVIEW program
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PWM signals were generated on the corresponding pins of LPC2148 by using the registers PINSEL,
PWMPR, PWMPCR, PWMMCR, PWMMRO, PWMMRI1, PWMMR2, PWMMR3, PWMMR4,
PWMMRS, PWMLER and PWMTCR. The present work five PWM signals are generated. The PWM function
for 10 pins were selected by programming the control word toPINSEL registers. PWMPR is a PWM Prescale
Register in which the value is incremented by PWMPR+1 for every phase locked loop clock cycle. PWMPCR is
a PWM control register which enables the PWM output and controls the PWM channel type as either
single edge or double edge. In the present work the PWM channel is controlled by using single edge.
PWMMCR is a PWM Match Control Register and controls the PWM signal and if the PWMTC is reset
when a Match occurs. PWMLER is PWM Latch Enable Register which enables the use of new PWM
match values. PWMTCR is PWM Timer Control Register which is used to control the timer counter
functions and timer counter can be disabled or reset. PWMMR x (where x is 0/1/2/3/4/5) are the match control
registers which controls the total time period of the PWM and on -time of the pulse.

The total time period and on-time of one pulse depends on the values programmed to PWMMRO and
PWMMRx (where x is 1/2/3/4/5) respectively . In the present work 12MHz crystal is used for the
controller crystal frequency. The crystal frequency is multiplied by a constant value 5 to get the processor
frequency of 60MHz with the help of phased lock loop in the controller. The value in theregistersismodified
using this processor frequency of 60MHz.

Fcclk

PWMMRO0 = — (11)
((F;C;k ) X(100 count)>

PWMMRI1 = o0 (12)

PWMMRO= (Feelk / 83)
PWMMR;j= ((Feclk / 83) x (100 - count))/100
i

No

Fig. 11 Flow Chart of LPC2148 program

Eqn. (11) shows the formula to calculate the value to be programmed inPWMMRO register to get total
timeperiod of one pulse. Here FFclk is user defined macro which is used to represent the frequency of 60MHz.
To get the 1Hz frequency pulse the value of the denominator should be 1.66 constant values. The
denominator value of (11) is calibrated to 83 to get the SOHz frequency pulse i.e. 20ms pulse. Eqn. (12) shows
the formula to calculate the value to be stored in PWMMRI1 register to get the on -time of the pulse. Here the
value of PWMMRO i.e. Fcclk/83 is multiplied with 100-count value, where count is the percentage of on-time
with respect to the duty cycle of the pulse. The product of these values is going to be divided with 100 to get the
value into PWMMRI1. The on-time of the pulse is decided by the variable, count and the formula is shown in
(13). Fig. 11 shows the flow chart of LPC2148 embedded C program.

initialtime
count = ( )XlOO (13)

totaltimeperiod
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V.  Results
In this section, the experiments to verify the performance of the present design were presented by
utilizing a 6-DOF robot arm. Inputs X, Y and Thetag determine the joint angles thetab, thetal, theta2 and theta3
whereas; Thetaw and Thetag inputs are straight away given. The intention of the experiment is same as in [22].
Primarily, locate the robot arm at its initial position (0, 30.8, 90). Then, it moves along x and y-axis depending
upon the input position. Randomly few positions of simulation and actual motion have been presented below by
keeping the values of thetaw and thetag constant.

Mathematical Modeling and Implementation of
Wireless Tmbedded Robot Arm for Object Sorting

Mathemalical Modeling and Implementation of
Wireless Tmbedded Robot Arm for Object Sorting

Fig. 13 Simulation and Actual Motion at (30.7, 0,0)

7 cal J 7 and Implementalion of
Wireless Imbedded Robot Arm for Object Sorting

506 @i P

Fig. 14 Simulation and Actual Motion at (10, 0, 0)

Malhiematical Modeling and Implementation of
Wireless Tmbedded Robot Arm for Object Sorting

Fig. 15 Simulation and Actual Motion at (18, 17, 0)

Fig. 12 shows the simulation and actual motion of the robot arm at (0, 30.8, 90). At this position robot arm
all angles are at 90°.

Fig. 13 shows the simulation and actual motion of the robot arm at (30.7, 0, 0). At this position robot arm
angles thetab, thetal, theta2 and theta3 are at 0°, 6.08°, 77.56° and 96.05° respectively.

Fig. 14 shows the simulation and actual motion of the robot arm at (10, 0, 0). At this position robot arm
angles thetab, thetal, theta2 and theta3 are at 0°, 114.5°, 4.2° and 0.37° respectively.

Fig. 15 shows the simulation and actual motion of the robot arm at (18, 17, 0). At this position robot arm
angles thetab, thetal, theta2 and theta3 are at 0°, 103.53°, 2.9° and 99.27° respectively.

vV Vv V VYV

V1.  Conclusion
IK model of Deter ER2 robot arm was developed and implemented using wireless embedded system.
IK model developed has provided correct joint angles to place the robot arm end-effector in the desired position.
The simulation results have been compared with actual motion of the robot arm. It was found that the robot arm
end-effector position precision was with in +£1cm. This deviation is due to the mechanical coupling of the joints.
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