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COMPLIANT CONTROL OF 3-AXIS MANIPULATOR ARM
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ABSTRACT

This research presents a design of stiffhess control system for 3-axis A255 CRS robotic
arm which can control the motion from an initial position to a desired position on a specified 45°
inclined plane. This control method indirectly controls a contact force, once a stiffness coefficient of
the contact surface is known and a deformation pressed into the contact surface is specified.

In the first part, a simulation of the stiffness control system is implemented in
Matlab/Simulink such that an end effector of the 3-axis A255 CRS robot can move along a straight
trajectory. In the second part, the derived control equation, implemented in LabVIEW, from the
simulation can be used to control the stiffness of the real CRS robot arm.

Simulation results show that the experiment on a surface with a stiffness coefficient of
16.15 N can directly control the motion from initial to final positions and contact force of the CRS
A225 arm tip within 5 second. The errors in the parallel axis (u) and in the perpendicular axis (v) to
the surface are in 0-0.05 % and 3.4-3.6 % range respectively. The stiffness control experiments of
the real CRS A225 Arm perform on foam and sponge surfaces, which are covered by a 0.5 mm
thick plastic sheet to reinforce stiffness. Then, the elastic coefficients of these 2 materials are
determined from a relation between a pressed force in the perpendicular direction and a deformation
distance into the contact surface. Foam and sponge have stiffness coefficients of 16.15 N/m and
16.16 N/m respectively. The experimental results show that the stiffness control can control motion
from initial to final positions and contact force within 1-2 second. The position error from the
experiments along u-axis and v-axis are in the range of 0.05-0.6% and of 1.6-4.5%, respectively.
Therefore, both simulation and experimental results confirm that the stiffness controller can control

the desired motion as well as contact force.

Keywords: stiffness control, material stiffness coefficient, A255 CRS robotic arm
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o A d
2.5 MIAUUUNTVIAUAMAAITNIIAITY (Transformation Operators) [5-6]
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2.6 MIA@UMTUVVAINTIUD (Lagrange Formulation) [8]
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2.7 msmuqmmuﬁﬂmju (Stiffness Control) [9]
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f =K, (u,-u,) (2.11)
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r=m¥+ K, (x—x,) (2.12)



14

2.7.1 wasngnladoutazusanndunadon
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x=J(0)9 (2.14)

B a ~ A dd 9 = yy A
G]N!llﬂﬁﬂ%ﬂ?jﬂlﬂﬂuﬂlﬂﬁwuﬂ‘ﬂﬁﬂﬂﬂqﬂ J(H) o

J(@):{I 0}%(? (2.15)
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r=G(6)+r, (2.17)
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o f A9 NNWDIUTINTUATNUNIULINADY

v v Y
AUNIN 2.18 UAWMAUANMIN 2.16 TAsiia1sand Ly vosndaodaumsaz 1d

9
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r, =J"(0)f (2.19)
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nEui Aannussiie udoarifumdanuiinenasaFadu 1160
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0'c, =0"3" (0)f (2.21)

2.7.2 MIAIUANANNBANGUYDWYY nandivateiuTeq (Stiffness Control of an N-Link

Manipulator)
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yailszasdvesszuumsmauguilzdnumside (7)) NezdelldwemesTuua
9 1 d’

Gl
9 A ~ v o v Ay 4 = o 1
AsUDND IND ﬂmﬂﬂmlﬁuu ﬂamaau‘ﬂllﬂENmLmuwmmmillﬂ Xd) Iﬂﬂlli\?ﬂﬂig‘ﬂ']@]@

A Y o Yo ~
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f =K (x=x,) (2.22)
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T(O)-K,x+K,%)+G(6)+F(0) (2.23)
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X = X4 —X (2.24)
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WOMMIDYNUTTUNITN 2.26 LVI?J‘]Jﬂ']JL"Ja"ILLaSGlGFﬁiJﬂ"ﬁVI 2.14 i]gllﬂ

=—9T M(0)0-6"M(0)F -0 3T (O)K X +0" 3T (O)K,(x—x,) (2.27)
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y; =l sin (01) (3.3)
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Copley Controls Corp.

J4 SIGNAL

PIN

Mo Connection

RxD Input

Ground

Ground

TxD Qutput

Mo Connection

=N RSN I [ EN L

J3 SIGNAL

=2
=z

Chassis Ground

Ref(+) Input

PWM Ref Input [IN6]

Direction Input [INS]

Enable Input [IN2]

Maotor Brake Output [OUTZ]

Encoder X Output

Encoder B Output

Encoder A Output

Wl lo| =] &|(w|rR| o

Signal Ground

Fault Cutput [OUT1]

Signal Ground

Signal Ground

7@ numn o
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J2 SIGNAL

2
z

Chassis Ground

Hall U Input

Hall ¥ Input

Hall W Input

Signal Ground

Encoder X Input

Encoder B Input

Encoder A Input
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Foyasumzveawemos lasigu ASP — 090 — 18 1ag ASP — 090 — 36 FIWaA Iag

NOTES

1. The function of signals on 12-9, and 13-3,
4,6,11, 17,18 are programmahle.
Default functions are shown.

2. The function of [INZ2] on 12-5 is
always Amplifier Enable and is not
programmable, The active level of [INZ]
is_programmable, and amiliﬁer Reset
with enable is programmable.

PIN | J3 SIGNAL
14 Refi-) Input
15 Signal Ground
16 Signal Ground
17 [IN3] Forward Enable Input
18 [IN4] Reverse Enable Input
19 Encoder X Output
20 Encoder /B Output
21 Encoder /A Output
22 User +5V Pass-Thru
23 +5V @ 200 mA
24 RS-232 TxD Cutput
25 RS-232 RxD Input
PIN | J2 SIGNAL
] [IN1] Motor Temp Sensor

10 User +5V Pass-Thru
11 | +5V @ 200 mA
12 Signal Ground

13 Encoder /X Input
14 Encodar /B Input
15 Encoder /A Input
PIN | J1 SIGNAL

1 Matar U Cutput
2 Mator V Output
3 Motar W Output
4 GMD

5 +HV Input
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ﬂ]i]\iﬁ N.1 fo’aag,aﬁuwwmmuamaéﬂlﬂiﬁu ASP — 090 — 18 tiaig ASP — 090 — 36 “?QNSGIT@EJ
Copley Controls Corp. (/10)

COp ey m DIGITAL SERVOAMPLIFIER Rotis”

controls’ Accelus Panel forerusiiess/erust MoToRS A SP

GENERAL SPECIFICATIONS
Test conditions: Load = 3-phase Wye connected load, 2 mH line-line. Ambient temperature = 25 °C, +HV = HVmax

MODEL ASP-055-18 ASP-090-09 ASP-090-18 ASP-090-36 ASP-180-09 ASP-180-18
OUTPUT POWER
Peak Current 18 (12.7) 9 (6.4) 18 (12.7) 36 (25.5) 9 (6.4) 18 (12.7) Adc (Arms)
Peak time 1 1 1 1 1 1 s
Continuous current 6 (4.2) 3(2.1) 6 (4.2) 12 (8.5) 3(2.1) 6 (4.2) Adc (Arms) per phase
Peak Output Power 0.92 0.79 1.55 2.95 1.59 3.15 kw
Continuous Qutput Power 0.32 0.27 0.53 1.0 0.53 1.06 kw
INPUT POWER
i TOHV +20to +55 +20to +90 +20to+90 +20fto +90 +20to +180 +20to +180 Vde, Transformer-isolated
Peak current 20 10 20 40 10 20 Adc (1 sec) peak
Continuous current 6.7 3.3 6.7 13.3 3.3 6.7 Adc continuous

PWM OUTPUTS
Type 3-phase MOSFET inverter, 20 kHz center-weighted PWM, space-vector modulation
PWM ripple frequency 40 kHz

COMMUTATION & CONTROL

Current loop 20 kHz (50 ps period) update rate
Velocity & position loop 4 kHz (250 ps period) update rate
Commutation Sinusoidal, Nield-oriented control of DC brushless motor
Phase Initialization Amplifier initializes in trapezoidal commutation until a Hall transition occurs,
then switches to sinusoidal commutation with phase-correction at each Hall signal transition
BANDWIDTH
current loop, small signal 3 kHz typical, bandwidth will vary with tuning & load inductance
HV Compensation Changes in HV do not affect bandwidth
REFERENCE INPUTS (NOTE 1)
Analog torque/velocity +10Vdec, 12 bit resolution Differential $J3-2,14
Input impedance 66 kO Between Ref(+), Ref(-)
Digital position reference Pulse/Direction, CW/CCW Stepper commands (2 MHz maximum rate)
Quad A/B Encoder 20 Mmunt,r’sec (after quadrature), 5 Mline/sec
Digital torque & velocity reference PWM , Polarity = 0~100%, Polarity = 1/0
PWM PWM = 50% +/-50%, no polarity signal required
PWM frequency range 1 kHz minimum, 100 'kHz maximum
PWM minimum pulse width 220 ns
DIGITAL INPUTS (NOTE 1)
All inputs 74HC14 Schmitt trigger operating from 5.0 vdc with RC filter on input
Logic levels Vin-LO < +1.35 vdc, Vin-HI > +3.65 Vdc, Input voltage range 0 to +24 vdc
-up, pull-down control  [IN2,3,4] have group selectable connection of 10 kQ input pull-up/down resistor to +5 Vdc or ground
Enable [IN2] Dedicated input with 330us RC filter for amplifier enable, active level programmable
GP [IN1,2,3,4] General Purpose inputs with 330us RC filter and active level select, [IN1,3,4] have ’ngrammab\e functions
IN5,6] High-Speed Inputs inputs with 100ns RC filter, active level select, and programmable functions
SERIAL DATA INPUT
S-232 RxD, TxD, Gnd in 6-position, 4-contact RJ-11 type modular connector, and on 13-24, 25, & 13

Full- duplex serial communication port for amplifier setup and control, 9600 to 115200 baud
Data protocol: binary

MOTOR CONNECTIONS

Phase U V w Amplifier outputs to 3-phase Wye or delta connected brushless motors with floating neutral
Hall U, Digital Hall signals
EncoderA /A, B, /B, (X,/%) Quadrature encoder signals, single-ended or differential (X or Index signal not required)
5 MHz maximum line frequency (20 Mcount/s) when driven from active differential outputs
[IN1] Motemp See Digital Inputs (above) for details (Note 1
STATUS INDICATORS
Amp Status Bicolor LED. Amplifier status indicated by color, and blinking or non-blinking condition

DIGITAL OUTPUTS (NOTE 1)
ype Current-sinking MOSFET open-drain output with 1kQ pullup to +5 V through diode, 1 Adc sink max, +30 Vdc max.
[OUTL,2] Programmable
External flyback diode required with inductive loads

PROTECTIONS
HV Overvoltage +HV > HV, Amplifier outputs turn off until +HV < HV (See Input Power for HV, )
HV Undervoltage +HV < 20"¥dc Amplifier outputs turn off until  +HV > 2V
Amplifier over temperature PC Board > 70 °C.
Short circuits Output to output, output to ground, internal PWM bridge faults
14T Current limiting Programmable: continuous current, peak current, peak time
Motor over temperature Digital inputs programmed for overtemp function will disable amplifier
MECHANICAL & ENVIRONMENTAL
Size 6.581in (167,1 mm) X 3.89in (98,81 mm) X 1.17 in (29,72 mm)
Weight 0.94 Ib (0.43 kg) for amplifier without heatsink
Ambient temperature 0 to +45 °C operating, -40 to +85 °C storage
Humidity 0% to 95%, non-condensing
Contaminants Pollution degree 2
Environment IECE8-2: 1990
Cooling Heat sink and/or forced air cooling may be required for continuous power output (see pg. 8 & 9)
Notes

1.Digital input & output functions are programmable. Default functions are shown here.
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General

Product Name [PCI-6221

Product Family Multifunction Data Acquisition

[Form Factor PCIT

Part Number 779066-01

Operating System/Target Real-Time , Linux , Mac OS , Windows
LabVIEW RT Support Yes

DAQ Product Family M Series

Measurement Type Digital , Voltage , Frequency , Quadrature encoder
RoHS Compliant Yes

lAnalog Input

Channels 16,8
Single-Ended Channels 16
Differential Channels 8
[Resolution 16 bits
Sample Rate 250 kS/s
Max Voltage v
Maximum Voltage Range 10V .10V
Maximum Voltage Range Accuracy 3100 pV
Maximum Voltage Range Sensitivity 07.6 uV
Minimum Voltage Range -200 mV , 200 mV
Minimum Voltage Range Accuracy 112 uV
Minimum Voltage Range Sensitivity 5.2 uV
Number of Ranges 4
Simultaneous Sampling INo

iOn-Board Memory 1095 samples




M3 0.2 Yoyadunzues DAQ card Ju PCI - 6221 Han 1n0 National Instruments (§10)

lAnalog Qutput

(Channels 2
Resolution 16 bits

Max Voltage 10V
Maximum Voltage Range 10V, 10V
Maximum Voltage Range Accuracy 3230 pV
Minimum Voltage Range 10V, 10V

Minimum Voltage Range Accuracy

3230 uV

Update Rate 833 kS/s
ICurrent Drive Single 5 mA
Digital I/O

Bidirectional Channels 24
Input-Only Channels 0
Output-Only Channels 0
Number of Channels 24,0

Timing Software , Hardware
Max Clock Rate 1 MHz
Logic Levels TTL

Input Current Flow

Sinking , Sourcing

Output Current Flow

Sourcing , Sinking

Programmable Input Filters Yes
Supports Programmable Power-Up States? [Yes
)Current Drive Single 24 mA
ICurrent Drive All 448 mA
Watchdog Timer [No
Supports Handshaking I/O? [No
Supports Pattern I/O? Yes
Maximum Input Range 0V ,5V
Maximum Output Range OV.5V
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Counter/Timers

Counters 2
Number of DMA Channels 2
Buffered Operations Y es
IDebouncing/Glitch Removal Yes
IGPS Synchronization [No
Maximum Range OV.,5V
Max Source Frequency 80 MHz
Pulse Generation Yes
Resolution 32 bits
Timebase Stability 50 ppm
Logic Levels ITL
Physical Specifications

Length 155 em
Width 0.7 e

I/O Connector

68-pin VHDCT female

Timing/Triggering/Synchronization

Triggering

[Digital

Synchronization Bus (RTSI)

Yes
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NI PCI/PXI-6221 (68-Pin)

PFI11/P23
PFl10P22
D GND
PFI2/P12
PFI3/P1.3
PFlAP1L4
PFI13/P25
PFI15/P2.7
PFI 7/P1.7
PFI8/P2.0
D GND

D GND

e

&

@
2

28 |8|e

B8

8(3|8|2(8|3[2|2(8

@
=

B|B[R|5|8

2

g

&
<

&

IS
S

8|2(8|8|R[6|8

8|8

A8
:;ND Default NI-DAQmx Counter Terminals

Al 10 g Counter/Timer Signal | Default Pin Number | Signal Name
A3 ey

ALGND §§ CTR 0 SRC 37 PFI 8
A4 zz CTR 0 GATE 3 PFI 9
Al GND bl

Al13 o CTR 0 AUX 45 PFI 10
::guo @ CTR 0 OUT 2 PFI 12
Al15 TEAMINAL 68 TERMINAL 34 CTROA 37 PF1 8
:g‘: CTROZ 3 PFI 9
NC CTROB 45 PFI 10
;";m CTR 1 SRC 42 PFI 3
PO.1 CTR 1 GATE 41 PFI 4
o CTR 1 AUX 46 PFI 11
45V CTR 1 OUT 40 PFI 13
D GND

DGND T s TERMINAL 1 CTR1A 42 PFI 3
PFIOP1.0 -@ CTR12 41 PFI 4
PFLIP1A e/

e CTR1EB 46 PFI 11
+5V FREQ OUT 1 PFI 14
D GND

PFISP1S

PFI6P16

DGND

PFI9/P2.1

PFI12/P24

PFI14/P26
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Abstract

In this research, a G-axis robot manipulator arm is designed and constructed for
industrial applications. Then, the robot arm motion is controlled in a position mode by users’
specified angular motion of each joint so that the robot arm can maove to desired locations with
high accuracy even with load variation and repeatability less than 10 micrometer. A motion
control has been developad within Visual C++.NET to contrel individual or cembined joints'
position, velocity, acceleration. The purposes of this robot-arm motion-contrel implementation
are to accelerate users' learning process and to interact with the industrial robot in a user-

friendly environment.

Keywords: Industrial Manipulator Arm, Metion Control Software, Accuracy and Repeatability.

Thailand.
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Abstract

In this research, a B-axis robot manipulator arm is designed and constructed for industrial

applications. Then, the robot arm motion is controlled in a position mode by users’ specified angular

motion of each joint so that the robot arm can move to desired locations with high accuracy even with

load variation and repeatability less than 10 micrometer. A motion control has been developed within

\isual C++.NET to control individual or combined joints’ position, velocity, acceleration. The purposes of

this robot-arm motion-control implementation are to accelerate users' learning process and to interact with

the industrial robot in a user-friendly environment.

Keywords: Industrial Manipulator Arm, Motion Control Software, Accuracy and Repeatability.

1. Introduction

In  past decades, industrial robot
manipulator arms have revolutionized various
industrial  applications, especially in  high-
technology factories, because of their high-yield
production capability, high-accuracy repeatability,
flexibility and small contamination in clean
environment. However, a lacking of specialized
perscnals in the rebot control field and a high
investment cost and maintenance cost are major
obstacles for a wide-spread use of the industrial
manipulator arms in Thailand.

Chandrakasem Rajabhat University [5]
has proposed to develop 5-axis robot arms for
the educational purpose so that students might
be able to transfer knowledge to their future
industrial werkplaces. Institute of Fleld roBOtics

[6] has designed and constructed the industrial

G-axis robot arm that can perform a welding
process for automotive industries.

Therefore, this research focuses on the
design and construction of the industrial robot
arm as well as the motion-control software
development using Visual C++.NET, which has
user friendly interface. As a result, any person
without a prior knowledge can comprehend and
control the robot arm control with a minimal
learning time.

This paper can be subdivided into four
sections. Section 2 reviews the design and
construction of robot mechanisms and motion
controller units. Section 3 emphasizes on the
implementation of the motion-control software.
Lastly, the performance tests of this robot arm

are summarized in Section 4.
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2. Robot Arm Construction

The construction of the 6-axis robot
manipulator arm is divided into two main parts:
1) robot mechanism construction and 2)
controller and drive construction. Both
constructions can be carried out at the same
time and then assembled together afterward.
Fig. 1 shows an overall schematic diagram of
this 6-axis manipulator arm, where circles
represent each joint of the robot arm. A
computer passes user commands through the
SPiiPlus Motion Controller [2] to control motor
drives, connecting with 8 DC and AC motors and
6 optical encoders. Al DC and AC motors
coupling with harmonic gears provide torque to
each axis of the robot arm and encoder signal is

used as feedback joint angular position.

Motor  Harmonic
Encoder Gear

Fig. 1 Overall schematic diagram of the 6-axis

manipulator arm.

2.1 Robot Mechanism Construction
Originally, this manipulator arm is

designed and assembled in Solidwork, shown in

DRC12
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Fig. 2, to test feasibilities of individual joint
movement, robot material strength, motor sizing,
and robot workspace. Each joint angle is limited
by two limit switches such that a wire entangling
problem can be avoided during the robot
operation. For the joint construction, motors are
attached to flanges before assembling to
machined parts and then the encoders are
coupled to the motor shafts. The 6-axis joint

space of the robot arm is exhibited in Table.1.

Fig. 2 Design of the 6-axis manipulator arm
To achieve high accuracy at the robot
end effector within micrometer range, high
resolution encoders as well as precision
harmonic gears, as shown in Table. 2, must be

employed in each joint of the robot arm.

Table. 1 The 6-axis joint space of the robot arm

Axis Joint Angle (degree)
Clockwise Counter-clockwise
1 145 150
2 45 115
3 110 110
4 175 85
5 85 80
6 160 175
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Table. 2 The encoder resolution and gear ratio

for each axis of the robot arm

Axis Encoder Resolution Gear Ratio
1 2048 1:78
2 2500 1:80
3 2500 1:50
4 2500 1:50
5 2500 1:50
6 2048 1:50

2.2. Controller and Drive Construction

Two main components of the motion
control unit are 1) SPiiPlus Motion Controller
compartment and 2) Motor Drive compartment.
First, Inside the SPiiPlus Motion Controller unit
in Fig. 3, there are 24V and 5V DC power
supplies and SPiiPlus PCI 8 from ACS Motion
Control, which acts as the robot-arm main
supervisory and connects to the user's computer
through ethernet. Moreover, amplify circuits
using op-amp, included in this unit, help
amplifying the signal from all limit switches

before passing through the SPiiPlus board.

Fig. 3 SPiiPlus Motion Controller compartment
Second, the Motor Drive compartments for 6
axes in Fig. 4 and 5 are composed of power
supply circuits, noise reduction circuits, 6 motor

drives and connection terminals. Model for motor

DRC12
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drives for axis 1 to 6 are Junus, Accelus, Xenus,

2 Accelus, and Accelus card [1], respectively.

Fig. 5 Motor drive compartment for joint 4, 5, 6.

3. Motion Control Software Development

To be able to control the robot-arm
motion, users must learn new syntax and
commands of the original SPiiPlus Controller
software, which is similar to C commands. And
all programming codes must be written in a
command line window shown in Fig. 6. As a
result, the user must go through a steep learning

curve of SPiiPlus programming before they can

g S o e ot e g ) || o TR

Fig. 6 Original Interface of the SPiiPlus Motion

Controller Softeware.
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To shorten this period, the motion

control software has been developed using
Visual C++.NET [4] from Microsoft Visual Studio
2008 based on SPiiPlus Motion Control library
that provides a user-friendly interface, as shown
in Fig. 7. The motion control software for
individual or combined joints employs the
SPiiPlus MMI commands [2] of the SPiiPlus
Motion Controller. The user can select the joint
axes and specify the joint acceleration, velocity,
position without learning SPiiPlus programming
commands. Moreover, users can record
sequences of the joint angular positions after the
robot end-effector is moved to desired locations.
And then, users can playback different motion
sequences from recorded lists. During the robot-
arm movement, the feedback angular positions
of each joint are also shown on the screen in
real time. Fig. 8 demonstrates the robot-arm
playback movement, drawing a segment of

circle, from the recorded sequence.

Zz MS Communication Termins

St oy Save Pont Load Poot
. I
Enstle hss =l A | I Posenl T Losifiet
— Obection+ I~ Fosan? I Lowifn2
Naevi ! N ) I LosiFied
ccson | =l Vi FTP I Poat I Losifind
e =] Dwachon I Puen s ™ Lostrees
e NERW =\ [ Powens T Costrls
™ =] Vi possn [ Posion7 I toxdFi?
A ecelesynon ] =
Sawefle Lowt
s Fomthack Prasineiion [\ \ A5 Fe | L et
_Ddsd_ | Smitse] \ Losahk e
Conmarssston: OFF S it |

Fig. 7 Developed motion control softeware using

Visual C++.NET for this robot arm
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Fig. 8 Playback motion of the robot end effector
4. Experimental Results

The robot arm performances are tested
on the motion repeatability, accuracy, and
different load handling. In the first test, the joint
velocity errors are measured
4.1 Repeatability Test

To measure a motion accuracy of the
robot-arm end effector in performing a repetitive
task, the robot arm is programmed to touch a
dial gauge, attached at the end of table as
shown in Fig. 9, from a pointing-upward position.
This motion is repeated for 15 times and the
readings from the dial gauge are recorded and
shown in Fig. 10. The result reveals that the
motion error of the end effector is bounded
within 0.002 mm or 2 um and a variation from its
mean position are also small. This implies that
the accumulative error from all joints must be

very small as well.

Fig. 9 Motion repeatability test of the robot arm
touching the dial gauge.
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4.2 Load Handling Test

To measure the motion accuracy of the
robet arm subjected to various loads, three
different weights: 1.2, 1.6 and 2.0 kg, are
attached to the end effector and both joint
commanded velocity from the SPiiPlus controller
and feedback velocities from encoders are
recorded during the upward motion. Then the
joint wvelocity error is computed from the
difference between the commanded and
feedback velocities for 5 axes. Results in Table.
3 show that the larger the load attached to the
end effector is, the larger the wvelocity error

becomes.
36N

-y || R
Ll ] R
Ll

E00G kwiss s e  forsaNg

Measurement fram Dial Gauge (mem)
2
@

36085 -

3608
0

Number of trials

Fig. 10 Dial gauge readings from 15 trails in
repeatability test
Table. 3 Joint angular velocity errors of the 5-
axis robot arm tests with three different loads

(1.2,1.8, and 2.0 kg) attached to the end effector

Velocity Error

Joint (rad/sec)

Ne Mass Mass Mass

Mass 1.2 kg 1.6 kg 2.0 kg

1 0.00079 | 0.00085 | 0.00088 | 0.00089

0.00019 | 0.00063 | 0.00021 | 0.00024

0.00002 | 0.00007 | 0.00082 | 0.00003
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4.3 Motion Accuracy of Iterative Inverse
Kinematics Computation

An inverse kinematics, based on the
Resolved Motion Rate Controller (RMRC)
technique [7], of this robot arm has been
implemented using the Jacobian singularity-
robust inverse. The RMRC technique is one of
the iterative inverse kinematic methods to
compute the position of end effecter given the
desired joint angular position and velocity. The
The joints' angular velocities in this experiment
are set equal to [0.098, 0.078, 0.295, 0.295,
0.295, 0.295] rad/s. The motion discrepancy of
the end effector between the commanded joint
positions calculated from the RMRC technigue
and the measured position are tested for 8
different positions, as shown in Table. 4. The
error is defined using a root sum square, as in
Eqg (1).
error =\J(X, - X )V +(Y, =Y,V +(Z,-2,) (1)

From Table. 4, the difference between the
measured and command position are very small,
the main source of error in this test is from the
measurement error and from link parameter
error.

Table. 4 Desired and measured end effector

pasitions using the RMRC technique.

Command Paosition Measured Position
Error

(em) (em)

K Ya Zs Kem Y e

(cm)

55 40 70 55.3 384 | 70.3 | 1.802

-55 40 70 -54.2 | 3986 | 71.0 | 1.337

55 -40 70 5843 | 411 | 707 | 1472

-56 -40 70 -54.6 | -381 | T0.1 | 1.904

50 50 50 50.0 | 480 | 50.7 | 2.119

-50 50 50 -49.4 | 500 | 51.9 | 1.971

0.00232 | 0.00302 | 0.00258 | 0.00244

(S B I = S I S

0.00004 | 0.00005 | 0.00005 | 0.00007

50 -50 g0 493 [ -51.0 | 51.8 | 2213

-50 -50 50 -49.9 | -46.9 | 51.4 | 3.431
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6. Summary

The B-axis robot manipulator arm has
been designed, constructed, and tested on high
motion accuracy, precision repeatability, and
load variation handling capability. Moreover, the
motion control software, emphasized on the
user-friendly interface, has been developed
using Visual C++.NET such that new users can
learn how to control this robot arm quickly,
record the motion sequences, as well as

playback those different sequences as desired.
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Abstract
Position and force control of a planar robot has been implemented in this research such that the

end effector can follow a specified trajectory and the xy-plane force at the tip of end effector can maintain
at a constant level, A compliant control uses a force sensor attached at the end effector to perform a force
feedback. First the position and force controls of the end effector are designed using a mathematical
model of a A255 CRS 4-axis manipulator arm in Matlab/Simulink, then these controllers are applied toa
real CRS arm with motion constraint only in the vertical or xy-plane, using LabVIEW 2010. Anm
application of this CRS arm control is to simulate a small surgery operation.

Keywords: Compliant control, CRS manipulator arm, motion trajectory
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Abstract

Position and force control of a planar robot has been implemented in this research such that the
end effector can follow a specified trajectory and the xy-plane force at the tip of end effector can maintain
at a constant level. A compliant control uses a force sensor attached at the end effector to perform a force
feedback. First the position and force controls of the end effector are designed using a mathematical
model of a A255 CRS 4-axis manipulator arm in Matlab/Simulink, then these controllers are applied to a
real CRS arm with motion constraint only in the vertical or xy-plane, using LabVIEW 2010. An
application of this CRS arm control is to simulate a small surgery operation.

Keywords: Compliant control, CRS manipulator arm, motion trajectory

L. Introduction

Both industry and medical applications move
toward automated systems for various tasks.
Robots, especially a manipulator arm, are one of
the key components in automation; for example,
pick-and-place, welding, small surgery. Main
advantages of robotic arm are its precision,
accuracy, and extended operational period.

Recently, researches on force control of robot
manipulator arm have been implemented for
various applications. Wim Witvrouw and Sean
Graves and ete. [1] developed a jovstick
controller for operators that can sense force from
robot end effector. A force sensing and control of
a surgical robot were studied by Peter
Kazanzides and etc. [2] such that artificial organs
can be transplanted. Qinjun DU designed a
minimally invasive surgical robot along with its
force control, this robot can be controlled by a
surgeon to perform a tumor operation with good
accuracy for a small wound. Moreover, Satoshi
Komada and etc. [3] has worked on a robust force
control based on estimation of environment, all
external disturbances; such as friction force,
gravity and external force, were compensated in
the controller.

This research focuses on a compliant control
of A255 CRS 4-axis manipulator arm. Section 2
introduces the mathematical model and associated
parameters as well as hardware component of the
CRS robot arm. The dynamic simulation of the
compliant control, implemented by
Matlab/Simulink, is described in Section 3. The
experimental results of the compliant control are
performed by LabVIEW 2010 on the CRS robot
arm in Section 4. Finally, Section 5 summarizes

all results of the compliant control as well as
states future improvement.

2. Modeling and Hardware
The A255 CRS robot arm has 5 degree of
freedom as well as consists of three main linkages
and 5 revolute joints. Mass and moment of inertia
of all links are estimated to be m; = 0.81 kg, m, =
0.52 kg, m; =035 kg, I, =0.39 kg-mz, I,=027
kg-m’, and 1 = 0.18 kg-m’, using the
SolidWorks, as shown in Fig. 1. However, in this
research the CRS robot motion is constrained
with the vertical or xy-plane, only 3 links or 3
rotation angles, represented n Fig. 2, are
employed for the compliant control.
The Denavit-Hartenberg parameters [1] for
the CRS robot arm are given in Table 1.

Table. | Denavit-Hartenberg parameters of CRS
robot arm

Axis o a; d; 0,
1 0 1,=0.255m 0 q
2 0 1,=0.254m 0 A
A 0 ;=0252m 0 Qs

Fig. 1 All three links of the CRS arm in SolidWorks
(left) and the CRS arm and its hardware (right)
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where I; is the i-th link length and t; is the i-th
rotation joint angle. According to Table 1, all o
and d parameters are set to zero because the robot
motion is restricted only in the vertical plane.

Fig. 2 Frame assignment and three degree-of-
freedom of the CRS robot arm for the compliant
control

A position of the CRS end effector can be
calculated using a forward kinematics. The end
effector position can be obtained by multiplying
the following rotation matrix, given in Eq. (1),
with a vector of the robot base.

Ciz =sizy 0 L¥cit Li¥ortla*ciar

sizz i 0 L¥sporli¥siwl¥siy
0 0 1 0 (1)
0 0 0 1

Using the Lagrangian mechanics, a dynamic
equation of the robot arm can be computed from
total energy or Lagrangian function (L), which
consists of the kinetic energy (K) and potential
energy (U) in Eq. (2).

L=K-U 2)

Then, the robot dynamics can be derived from the
Lagrange’s equation, given by the following

H 3 J Lo e,

d I( aL
éq,

di\ ég,

where ¢_,q are correspondingly the r-th joint
rotation angle and angular velocity. O, is the r-th
joint torque. Vectors of the joint angle vector and
angular  wvelocity are denoted by q.q.
respectively. Finally, the robot dynamic equation
can be rewritten in terms of a mass matrix
(M(q)). coriolis and centripetal matrix
(Clq.q)), gravitational matrix ( G(q)), and joint
torque vector (Q ), as m Eq. (4) below. All
matrices are described in detail in Appendix.
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M(g)i+Cla.q)a+Gla)=Q &

Three motors of the A255 CRS robot arm are
driven by ASP-090-36 Accelus motor drive in a
torque mode for 3-axis torque control. A NI PCI-
6221 data acquisition card i1s interfaced between
motor drives and a computer that uses LabVIEW
as the control software. Two ARM7
microcontrollers are employed to count motors’
encoder pulses. Fig. 3 shows the A255 CRS robot
hardware connection.

Aeseluss ASP-000-16
Mt

ﬁ —Ee —__ eboiCRSASS
| o
o % 1)

- -
e
L s )
& P

Fig. 3 Overall schematic diagram of the CRS arm
hardware connection.

3. Dynamic Simulation of Compliant Control

For the force control of the CRS robot arm, a
stiffness or compliant control is selected for
implementation simplicity in this research. To
perform the dynamic simulation of the force
control, a stiffness of the contacted object (K.) is
assumed to be a constant. Thus, the normal force
from the robot end effector acts on the contacted
surface, is a expressed by Eq. (5).

f=K.(x-x,) (&)

where x.. %, and x, are the equilibrium position
of the contacted surface, instantaneous position of
the end effector, and desired or command
position of the end effector, respectively, as
shown in Fig. 4.

End effector |

jCE Xa

Fig. 4 Compliance of the contacted surface due to
the end effector motion

A control law for the compliant control with
gravity and friction compensation is given in Eq.
(5) so that the normal force from the end effector
can be specified.
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=1 (@)K, i+ K, )+ Gg)+F@) (5

where x=x, —x_is the position crror along the

perpendicular direction to the contacted surface.
J(q)Is a task-space jacobian of the end effector.
A joint kinetic friction, F(g), is neglected in this
study. K, and K are correspondingly diagonal
derivative and proportional gains.

Let consider the end-effector motion along a
slant or contacted surface that tilts 45 degree up
from the x-axis, as shown in Fig. 5. First, a
coordinate that is tangential and perpendicular to
the slant surface is defined to be (u,v). Second,
initial joint angles (8, 0, 0y) = (90°,-90°, 0°) for a
CRS arm pose, displayed in Fig. 5, gives (u;,vi) =
(0,0) or a starting location. Third, an end location
is at (upvy) = (0.19,0.3). The compliant control
regulates all three-motor torque such that the end
effector moves from the initial position along the
slant surface. Moreover, the contact forces in
tangential direction (f;) and in normal direction
(f,) are maintained at constant levels.

g
e \
90°
u
450
> X

Fig. 5 Coordinate of the robot base (x.y) and of
the slant surface (u,v).

Vv

Dynamic simulations ot the compliant control
using Eq. (4) and (5) are implemented in
Matlab/Simulink. Fourth, assuming the stiffness
of the contacted surface, K., equals to 200 N/m
and tuning controller gains, (K, K.,) = (150,300),
the CRS robot arm motion from the dynamic
simulation 1s shown in Fig, 6. The result reveals
that the controller kept the end-effector
contacting with the 45° incline surface from the
initial to end position very well. Three joint
torques are shown in Fig. 7. The torque from the
first joint varies from 2 N-m to about 0 N-m
within 5 seconds during the contact operation.
For the second joint, the torque maintains at a
constant value of 1.98 N-m until 3 sec then
decreases to 1.5 N-m.
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Torque of three joints is shown in Fig. 7. The
torque from the first joint varies from 2 N-m to a
small value close to 0 N-m within 5 seconds
during the contact operation. For the second joint,
the torque maintains at a constant value of 1.98
N-m until 3 sec then decreases to 1.5 N-m.
Torque in the third joint is kept constant at 0.4 N-
m, which make the end effector contact the
incline surface at all time. Fig. 8 displays the
normal force (f1) and tangential force (f2) at the
end effector. The normal force initially equals to
0 and approaches its steady state value of 0.85 N
within the first 3 sec. Similarly, the tangential
force increases from 0 to 0.18 N after 3 sec as
well, This dynamic simulation result confirms
that the end effector force can be controlled at the
specified value.
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Fig. 6 Dynamic simulation of the CRS robot arm
trajectory using the compliant control along the
45° incline surface.
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100



Paper ID
CST 01
1
05 B
£
s, ]
a5 L . . . . . . . .
o os5 1 15 2 25 3 35 4 45 8
03
02 4

o5 1 15 2 25 3 35 4 45 (%
tima [sec)

Fig. 8 Normal force (f,) and tangential forces (f3)
of the CRS end effector exerting on the 45 incline
surface

4. Experimental Results
The stiffness controller of A255 CRS robot
arm 1is developed in LabVIEW 2010. The control
law with gravity compensation in Eq. (5) is a
main controller with 1) three joint angles
)

(0,,0:,04), calculated from three encoders and 2)
the desired position (xgyg) that is needed to
transform to (ugvy) In the tangential and
perpendicular coordinate of the slant surface. as
inputs. Outputs of the compliant controller are
three joint torques, which need to convert to
current commands in the form of PWM and
analog signals for three Accelus drives. A
simplified block diagram is shown in Fig. 9 for

the compliant control of the CRS robot arm.

Ty,

.66

7 | CRS Rabet
Controller Arm

5

Fig. 9 Block diagram for the compliant control
along with input and output for the controller

Complisnt

For the compliant control of the CRS
robot arm along the 45° slant surface similar to
the dynamic simulation, I-inch thick foam board
1s used as a contacted surface on the incline plane
and initial joint angles (0,,0,,04) are (66°,-65°,6%).
When the end effector of the CRS arm pushes and
drags along the incline foam board, the joint
angles, shown in Fig. 10, and joint torque, shown
in Fig. 11, can be measured from motor encoders
and computed from the compliant controller,
respectively. According to Fig. 10, the first joint
angle increases 20°, the second joint decreases
50°, and the third joint increases 35° during the
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compliant control operation between 2 and 2.7
sec. In the steady-state position after 3 sec, the
end effector of the CRS robot arm approaches a
position (u,v) = (0.184,0.3) m along the slant
surface. These experimental results well agree
with the dynamic simulation results, shown in
Fig. 6. Note that before 2.1 sec, the CRS end
effector approaches and maintains the initial
position or initial joint angles using the PID
position and then at 2.1 sec, the CRS arm is
controlled by the compliant control. Furthermore,
Fig. 11 exhibits the joint torque, computed by the
compliant control. During the compliant control
operation, all joint torques decrease from positive
to negative values. The first joint produces the
largest increment of -7 N-m at 2.1 sec, while
torque difference of the second and third joints is
decreased by 1.5 N-m.
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Fig. 10 Joint angles during the compliant control
operation between 2.1 and 2.7 sec.
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Fig. 11 Joint torques during the compliant control
operation between 2.1 and 2.5 sec.

5. Conclusion
Using the compliant or stiffness
controller, the A2355 CRS robot arm can be
controlled from the initial position (u,v) = (0,0) to
the final position (u,v) = (0.19,0.3) m as well as
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can maintain the contacted force both in the
dynamic simulation and the experimental result.
However, the response in the experimental result
is much faster than that in the dynamic simulation
by at least 4 sec.

To further compare between dynamic
simulation and experiment, the force sensor will
be attached to the end effector of CRS robot arm.
Moreover, different geometries of the contacted
surface will be employed to demonstrate the
compliant control operation of the A255 CRS
robot arm.
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8. Appendix
The mass matrix ( M(q)) is
M, M, Mg,
M= M, M,
My M, M,

M, |, where
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The coriolis and centripetal matrix (C(q,c])) Is
CH CJZ Cl!
C=|C, €y  Cyyf,where
CEI C32 C33
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L,Lym, sin
C23=( 253773 (‘13))

2
s LlL3m3(sin(q.2 +q3» _(LyL3my sin(ql +4q3 )}
BT 3 5
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2
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2
Cyy =0
The gravitational matrix (G(q)) is
Gy
G =|G, |, where
Gy

G _[(g"‘lz“'mz"'ccs(ql +q2))]
=
2

» " »
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2 J
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The task-space jacobian (J(q)) is

_ v J2 Jis | where theta = 45°
Loy T Iy

I =-I2”cos(ql + q2-lhela/

-13'cos/ql 4y +43 - theta) -Il"‘x:os{qI - theta)
Jip=- [2"'cos(ll ) - theta)
-lB*cosﬂ] Ty 1ty - theta)

Ji3 =-13‘"(:os(z1l +qy + gy - theta)

.12l =- Iz*sin (ql Rl Dty theta)

- I13*sin Gy + 4 + g3~ theta) - I]“sin 4y - theta)
Jy, =-1*sin(g, + g, - theta)

-I¥sin(g, + g, + g - theta)

Sy =-l*sin(g, + g, + gx - theta)
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