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(1) Development of Robotic Mechanisms

(2) Analysis and MATLAB Practice
(3) SimMechanics Simulation Practice
(4) Robot Control Practice

(5) Project Practice: Arduino Project, Walking Robot, Haptic
Interface
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Project Summary

% Title: Design of Mechatronics System and Capstone Design
% Subtitle: Modeling, Design, and Control of Robotic Mechanisms
% Abstract:

This project is to make analytical and CAD models of robotic mechanisms
(for example, industrial robots, walking robots, etc.), to design robotic
mechanisms and position controller based on the models, to fabricate the
robotic mechanisms and the embedded real-time controller by using xPC
Target, and to do the control experiments on prototype robot system.

% Project Goals:

To make kinematic & dynamic models and simulations of simple robotic
mechanisms

To design controller based on plant model & To implement real hardware
*» Lecture notes (for 15 weeks)
Applicable subjects: Robotics, Mechatronics, and Capstone Design

*

*
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(1) Development of Robotic Mechanisms

€ 2-DOF/3-DOF Planar Serial Robots, 2-DOF 5-bar Closed-loop
Mechanism (Type | & 11), and 3-DOF 3-RRR Parallel Robot

v 4 DC servo motors (Maxon 20W) with one 66:1 and three 23:1 gears

v" Use the same base platform

v" Horizontal and vertical configurations (gravity compensation experiment)
v" Double ball bearings are employed for better rigidity and small friction

v" Could be used as force feedback haptic device (low gear ratio)

v Machine vision and vision-based control experiments

€ Waling Robots with 6-bar and 8-bar Legs
v" Actuated by two DC motors and Move forward/backward/right/left
v~ Statically balanced walking robot
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2-DOF Planar serial Robot (R-R)

[Horizontal Configuration]
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3—-DOF Planar serial RObOt [R R- R]

[Horizontal Configuration] [Vertical Configuration]

/ 4
- PC CAM]
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2-D0F 5-bar Closed-loop Mechanisms

[Type I] [Type 1] |

MMMMM
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3—DO0F Parallel Robot (3—RRR]
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Arduino Projects

[Sensor & Actuator Interface] =

MMMMM
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Walking Robots

[with 6-bar Legs] [with 8-bar Legs]

MMMMM
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Walking Robots

[DC Motor & External Power] [Servo Motor, Wireless & Battery]

7‘7

MMMMM

MMMMM
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[2) Analysis and MATLAB Practice

Forward & Inverse Kinematic Analysis
Velocity & Statics Analysis

Forward & Inverse Dynamics Analysis
MATLAB Practices (MATLAB Demo)

L 2B 2R 2R 2

Figure 1 =5 R T ¢ 3-DOF 2 =8 s
File Edit View Insert Tools Desktop Window Help ¥ File View Viewpoints Navigation Rendering Simulation Recording Help

N @S | AFEAODEL- G| 0E amd “JJdm| 3[eemne v d q

x-axis

Viewpointl T=0.00 Examine Pos:[25.23 132.70 83.70] Dir:[-0.06 -0.7¢

[MATLAB Figure] [VRML Output]
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Dimensions of Serial Robots

- 100 - 100
| /6 0
a0 o E E @j
\ / \\ e )~
K 9
o ; ©
[2-DOF Serial Robot]. [3-DOF Serial Robot].
- Motorl: 66:1, Motor2: 23:1. - Motorl: 66:1, Motor2,3: 23:1.
- =100, a, =100 mm. - =100, a,=70, a; =50 mm.
- 9,=0°,08,=90". - 9,=0°,6,=90°,6,=0".
- p,=100,p, =100 mm. - p, =100, p, =120 mm, $=90".
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Analysis of 2-DOF Serial Robot

Ya

Forward Kinematics:Find p,, p, for given 6,,6,
Inverse Kinematics: Find 6,,6, for given p,, p,

Velocity & Statics: | * |= {ﬂ’ F}ZJTFX}

0, £ f

y
Dynamics: _Tl__|:M11 M12}{9’1}?1(91,6’2)}{61}
Ty M, M, éz C, (91, 6’2) G,
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Analysis of 3-DOF Serial Robot

Forward Kinematics:
Inverse Kinematics:

Velocity & Statics:

Dynamics:

4\ MathWorks

[

12

22

32

:JT

Find p,, p,,¢ for given 6,,6,,06,
Find 4,,0,,0, for givenp, p,,¢

M13
M23

C.(6,6,,6,) |
C,(6,,6,.6,)

M33_

So:

6, | |Cy(6,6,,60)) | |
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Dimensions of 5-bar Mechanisms

[5-bar Type I]- [5-bar Type II]-
Motorl,2: 23:1. Motorl,2: 23:1.
I1 =74, 13 =128, [, =1, :15 =100. ]1 =200, 13 =128, [, =1, :15 =100.
0,=118.81,6,=61.19". 6,=0",0,=90".
D, = 60.8523,py =154.6652 mm - p, = lOO,pJ, =128 mm -
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Analysis of 5—bar Mechanism (Tvpe I}

» Forward Kinematics:Find p,, p, for given 6,,6;
* Inverse Kinematics: Find 6,,6; for given p,, p,

* Velocity & Statics: ‘?1 =J7 Ux , h —J| "
0, v, f, 7,
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Analysis of 5-bar Mechanism (Type Il)

« Forward Kinematics:Find p,, p, for given 6,,6,
e Inverse Kinematics: Find 6,,6; for given p,, p,

 Velocity & Statics: Ol gr| Vs , h ~J| "
0, v, f, 7,

4\ MathWorks
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Dimensions of 3-DOF Parallel Robot

[3-DOF Eigdz %]
1

150, b=35. [, =1, =100 [mm].
0, =-144.90",0, =-24.90°,0, =95.10°
p,=0,p, =0mm, ¢=0".
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Analysis of 3-DOF Parallel Robot

* Forward Kinematics: Find p,, p,.¢ for given 6,,6,,6,
e Inverse Kinematics: Find 6,,6,,6, for givenp,, p,,¢

91 Vx fx Tl
* Velocity & Statics: |, |=3"|v, |, | f, |=J| 7,
6, o, | |n,| |7
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[3] SimMechanics Simulation Practice

€ Forward Dynamics Simulation
v Apply forces = Find motions
v Numerical integration (ode45)

€ Inverse Dynamics Simulation
v" Specify motions (Trajectory) = Find joint torques
v" Design of actuator size
v Computed torque control (simple gravity compensation)

|:Tl:|:|:Mll M12:||:é1:|+|:cl(91’92):|+|:Gl:|

72 Iv|21 IV|22 6)2 Cz (91’ 6)2) GZ

€ Comparing SimMechanics results with those of the Dynamics Equations
and ADAMS simulations

MMMMM
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Forward Dynamics Simulation (2-por Serial Robot)

€ Initial Condition: [6,, 6,]=[-60,0]
Inertia | CG Position(m) CS(m)
et |t | Srncat | o
: CS1=[000]
0.071 89.395 [0.0373 0 0] CS2 = [0.10 0]
CS1=[0.100]
2 o poy  Sizlion

0075  109.864  [0.04168 0 0] gg; z Egé 8 8}

@/ cs iy

Link2

’ CS.IGCSZ
Link1

Moter Fix

|;int Sensor1 Joint2 Initial Condition I;inr Sensor2
]

L

Machine
Environment Ground

Motor mass

Jeint1 Initial Condition

I

0 01 02 03 04 05 06 07 08 03 1

Scope
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Inverse Dynamics Simulation (2-porF Serial Robot)

€ Joint-space Simulation: [0,, 6,]=[0,0] = [90,0]

[90°(pi/180), 0]

tsec -‘\ xd
fen

Y

600
400
200
1]
-200
60
40
20
of -
-20

o
P4 ‘ =)
Y Y Y

c
Clos Trajectory Function pos_vel_acct

[Joint Torque]
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Inverse Dynamics Simulation (2-porF Serial Robot)

¢ Cartesian-space Simulation: [p,, p,]=[100,100] - [-100,100]

m|cs iy

Link2

nvironment

vy
[]

Scope

QE

t

|

o

=

g I

4 » x
5]

u ] 05 1 1;5 2 25 3 35 4 45 5
Trajectory Functio Inverse Kinematics pos_vel & [\]Olnt Torque]

‘\Ma‘[hWOrkS m Robotics & Design Lab (imecha.kyungnam.ac.kr)

Clock




Comparison of Simulation BResults (2-por Serial Robot)

€ Dynamics Equation:  w0—

200 - ' . i

Torgue [Nmm]
/

¢ ADAMS Result:

€ SimMechanics Result:

-100

o 05 1 15 2 25 3 35 4 45 6§
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Inverse Dynamics Simulation (3-por serial Robot)
¢ Cartesian-space Simulation: [p,, p,]=[100,100], $=90 - [-100,100] , $=90

ko kg mm? /from CS1 /from World
o : [000]
. CS1=[000]
(W« 0.071 89.395 [0.0373 0 0] CS2=[0.100]
Vel 0.292 0 [00 0] gg; ) {g'i 8 8}
CS1=[0.100]

Wil 0.055  38.709 [0.0236 0 0] CS2 = [0.17 0 0]

CS1=[0.1700]
CS2=[0.1700]
CS1=[0.1700]
CS2=[0.2200]

Vel 0.292 0 [000]

Link3 [N 24.587 [0.0186 0 0]

Scope1

fen fon

Clock1

Trajectory Function Inverse Kinematics
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Inverse Dynamics Simulation -bar mechanismi
¢ Cartesian-space Simulation: Ap,=50, Ap,=50,

Inertia CG Position(m) CS(m)
- MBS /from CS1 /from World

L_Ground - [000]

CS1=[000]
CS2 = [-0.048187 0.087624 0]
CS1 = [-0.048187 0.087624 0]
WRTZAN 0054 120188  [0.042537 0.0261530] CS2 = [0.037 0.140 0]

CS3 = [0.060852 0.154665 0]

R_Ground - - - [0.074 0 0]

CS1=[0.074 0 0] "
CS2=[0.122187 0.087624 0]
CS1=[0.122187 0.087624 0]
CS2 = [0.037 0.140 0]

L_Linkl 0.053 110.61 [-0.025592 0.046537 0]

R_Link1 0.061 134.303  [0.022017 0.040035 0]

R_Link?2 0.045 90.992 [-0.042594 0.026188 0]

_93

R N
Y

pi L_Link2  R_Link2 4

L_Ground - R_Ground
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Inverse Dynamics Simulation (5-bar mechanism, Type I}

Machine
Environment L_ground
——]

ﬂ@

| cspes2 m )

L_link1

Joint Sensor_L

Joint Senser_R

csfpcs2 B 5

R_joint2

. ~
. N
4 N
4 N
’ 3_ L AS
1
‘ T
\
‘. R_ground 7 R_link1
\\ //
SO Motor R _-
i Motion1 Int

Joint Actustor_R

ax

fen

tout

TEHXE

N
Clock1 Trajectory Function

tsec ‘\ xd f———{xd \‘\ thd

pos_vel_accl

+\§ l—| Motion2 Int

L_joint2

csipcs2

[2.07359,1.08801]

enc_offset

R_link2

Inverse Kinematics

4\ MathWorks

8 8 88 o8 8 38 8

[Ap, move]

[Ap, move]
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Inverse Dynamics Simulation (5-bar mechanism, Type i}

[ Env jo—0 §— 2 '551&52 X ‘«F m|csMpes2
Machine
Environment L_ground L_link1 Ljoint2 L_link2
»
Joint Actuator_L Joint Sensor_]::I—’ D
-‘%/ Scopel
Joint Sensor_R
3— i ceifigesz m|csges2
R_ground R_link1 R_joint2 R_link2
Motor_R
Motion1 Int
pos_vel_accl | ;
08 1 12 14 16 18 2
\& € |Motion2  Int
" [Ap, move]
Joint Actuator_R pos_vel_aocc2
n
dx enc_offset
tsec ‘\ xd P xd 4\ thd
sec fen fen
@—' tout
o
Clook1 Trajectory Function Inverse Kinematics

“0 0z 04 06 08 1 12 14 16 18 2

[Ap, move]
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Inverse Dynamics Simulation (3-Dor parallel Robot)

Mass Inertia
(kg) | (kg mm?
-

I 0.053 110.621
0.045 90992
N
0.053 110.621
0.045 90.992
T
0.053 110.621
0.045  90.992
0.081  46.643

& MathWorks

CG Position(m)
/from CS1

[-0.043452
-0.030538 0]

[0.040909
-0.028749 0]

[0.048173
-0.022361 0]

[0.0044425
0.049802 0]

[-0.0047204
0.0528997 0]

[-0.0453515
-0.0210535 0

[00 0]
/from World

CS(m)
/from World

[00.15 0]

CS1=[00.15 0]
CS2=[-0.081818 0.092497 0]

CS1=[-0.081818 0.092497 0]
CS2=[00.035 0]

[-0.1299 -0.075 0]

CS1=[-0.1299 -0.075 0]
CS2=[-0.039196 -0.117104 0]

CS1=[-0.039196 -0.117104 0]
CS2=[-0.03011 -0.0175 0]

[0.129902 -0.074997 0]

CS1=[0.129902 -0.074997 0]
CS2=[0.121013 0.024607 0]

CS1=[0.121013 0.024607 0]
CS2=[0.030311 -0.0175 0]

CS1=[0 0.035 0]
CS2=[-0.03011 -0.0175 0]
CS3=[0.030311 -0.0175 0]
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Inverse Dynamics Simulation (3-Dor parallel Robot)

¢ Cartesian-space Simulation: Ap,=50, Ap,=50,

06 08 1 12 14 186

[Ap, move]

Ipi“\SOjn‘M“.SOO‘.-E‘ 9004,95.0996]

enc_offset

02 04 06 08 1 12 14 16 18 2

[Ap, move]
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[4] Robot Control Practice

€ Introduction to xPC Target & speedgoat controller
€ Design of speedgoat Controller
€ Robot Control Practice

v Hardware Test

v" Control of DC servo motors (In Joint-space)

v Simple PTP Control (In Cartesian-space)

v" Trajectory Control (In Cartesian-space)

v Gravity Compensation (In Cartesian-space)
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Introduction to xPC Target

[Host PC] [Target PC]
Windows xPC Target [Hardware]
Non Real-time Real-time Kernel Robots, Mechatronics
TCP/IP & —;IIO ‘
<) ) <=

real-time
target machine

Real-time

Simulink ]Workshop C-code ]C-Compiler .dim
executable

Programming J (Simulink | Generation J on xPC Target
Coder)
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Introduction to speedgoat Controller

€ speedgoat Education real-time target machine
v" Intel Celeron M 1GHz, 1GB IDE flash drive, 24V DC
v 1/0 Slots: 2 (10101 & 10311)

v 10101 (fixed DAQ package): 16-ch Al (16 bit, differential), 8-ch AO, 8-
ch DI, 8-ch DO

v 10311 (Motion Control FPGA package): 64 TTL 1/O, 24k logic cells,
fixed set of 3-ch PWM, 3-ch Encoder, DIO

v" Supported xXPC target drivers

Library: xPC Target: Speedgoat VO Driver Library /0101 | S Library: xPC Target: Speedgoat VO Driver Library 10311 | S
Trmmpe : Lo SPI obsolete
L Analeg input g Analog output
CAP =7 .=} Digitsl input
‘:‘: Digital input . Digital output
- Digital output _'.:‘";.:,, Interrupt setup
.”::f' Setup
- = | wo PWM
mr Setup
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Design of speedgoat Controller

Real-time Controllers:
(Two types of DC amplifiers)

Host PC

High-level
Control/
Data

Logging

TCP
< o P

Target
PC
(Speed
goat)

Real-time

Control

Gear

Control > DA(3ch)
output 10101
Position Counter(3ch)
l Input 10311

Host PC

High-level
Control/
Data

Logging

real-time
target machine

TCP
< p P

Target
PC
(Speed
goat)

Real-time

Control

@\ MathWorks:

Motor

Encoder

Gear

PWM

Control i)
output p DO(6ch)
10311
‘ Position Counter(3ch)
Input 10311
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Design of speedgoat Controller

l p Jam
LTS S i1 L %

| cn

. [Side view]
[Top view]
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Design of speedgoat Controller

[10101]
GND|AO1 GND|AO2 GND|AO3
46 | 12 47 | 13 48 | 14
[MAXON AMP1] [AMP2] [AMP3]
1 2 3 4 | 7 8 1 2 3 4 7 8 1 2 3 4 7 8
M+| M-|Vcec|Gnd|-Set|+Set| | M+| M-|Vce|Gnd|-Set|+Set | M+| M-|Vcc|Gnd|-Set|+Set
I l 4 l 24V
& 4 GND
® ¢ [24V DC
[PWM AMP1]|  [AMP2] [AMP3] POWER]
M+ M- | 2av| ||| M+| M- | 2av]||| M+ | M- | 2av
(GND; GND GND
‘PWM‘ DIR \ BRK‘ GND‘ ‘PWM‘ DIR \ BRK‘ GND‘ ‘PWM‘ DIR ‘BRK‘ GND‘
' > ¢
[10311]
1 37 | 40 4 | 38| 41 7 39| 42 | 17
PWM1 DIO7 |DIO10| PWMZ DIO8 |DIO11 PWM3| DIO9 DIO12) GND
01-Al01-B Q2-A|Q2B Q3A|Q3B GND
14 | 15 19 | 20 22| 23 18
[ENC1] [ENC2] [ENC3]
6 |8 2 13 6 |8 2 |3 6 |8 2 |3
A B VCC | GND A B VCC | GND A B VCC | GND II::?Q)/\/\[?ER]
' l l v
® ®
4 MathWorks (OO

GND
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Design of speedgoat Controller

€ 10101 (Analog I/0 Module, 8ch-DA, 16ch-AD, 8ch-DIO):

PIN Signal Amplifier PIN Signal Amplifier
12 AO01 +set(chl) 46 GND  -set(chl)
13 A002 +set(ch2) 47 GND  -set (ch2)

14 ADG3 - tsei(cnd) 48 - CND - -set(ch3)

€ 10311 (Configurable FPGA 1/0 modules, Xilinx Virtex-11 24k):

PIN Signal Amp PIN Signal Encoder PIN Signal Amp
1 PWMI-A PWM(chl) 14

4  PWM2-A PWM(ch2) 15 QADI1-B B+(chl) 38 DIO08 DIR (ch2)

i ‘7 i ‘MW ‘M 3 ::A i \“RW M: (Chab“ i

19 QAD2-A A+(ch2) 39 DIO09 DIR (ch3)

17 GND GND(AMP) 20 QAD2-B B+(ch2) 40 DIO10 BRK (chl)

GND (ENC) 22 11 BRK (ch2)

23 QAD3-B B+(ch3) 42 DIOI12 BRK (ch3)

‘\MathWOrkS' Robotics & Design Lab (imecha.kyungnam.ac.kr)



Design of speedgoat Controller

€ Maxon LSC 30/2 amplifier (24V, 2A):

................................................... [‘Izj
Power
Supply Iy » R EE Q ] ) 4l
@ llesnaiiittey © )\
1230 VDC : 2 3__4'5 s:7 als 10 11 12 13 14 15 16 Cj{;:@ }I :.‘.a‘:‘,‘:.mCG ,"
tololo ;}\Erjok\ glolololololololo \ =T
[

,__'IILQB wwwwwww foeseezee B
— ;
GND DA+

M+ M-

¢ LMD18200 PWM amplifier (24V, 3A): ¢ Maxon Motor (20W)

e 66:1 Geared motor:

T ax=3-1 Nm
voay o 23:1 Geared motor
o T ..=1.1Nm

e Encoder: 500 lines/rev

PWM DIR BREAK GND
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Robot Control Practice: Hardware Test

€ 3-ch DA output, 3-ch PWM output, 6-ch Digital output, 3-ch Encoder

Input
v Sampling time: 1mse, external mode

3 0
—> -
3 »
| 0 [ o |—> (I
V1 Slider Gainl
Display
[0 [ o —»F >
V2 Slider Gain2
DA
|1o | 0 |_>
V3 Slider Gain3 E
’ -
>
[ 100 [0 —» (I
V4 Slider Gain4
Display2
| 100 | 0 |_> : >
V5 Slider Gainb
PWM Generationl
|100 | 0 |_>
V6 Slider Gainé
3 D |
»
g ()
Encoder R2D
Displayl
I ——

Init HW
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Robot Control Practice: DC motor control

€ Control of DC motors for step and cubic trajectory inputs (Joint-space

control)

[

Got
Step Mag oto Goto2 Goto3

+ p|n1 Out1
0

:
é
:

i P-|in1
L ﬁ:u;| Switch ~ D2R PID Subsystem DA
dth1 d\ina
[T gt -
tsec tha
Cubic Trajectory o

Goto1 Encoder

¢ DC servo motor with 66:1 gear (k,=150, k;=1)

§ I : : '§
E 2 777777777777777777777777 | R R E
= M | £
O | | | | ‘ : | | | 0 """ _7 | | | | | | |
0 01 0.2 03 04 05 06 07 0.8 0.9 1 0.1 02 03 04 05 0.6 0.7 0.8 0.9 1
time [sec] time [sec]
2 T T
| |
S 0 b k=l
- I | — I
@ ‘ ‘ 5]
-2 I I I I I 1 I 1 I 0 I I I I I I I I : VL“\“”“
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time [sec] time [sec]
100 ;
s ]
> 1
-100 | | | | | | | | | -0.5 ! | | | | | | | |
0 01 0.2 03 04 05 06 07 0.8 0.9 1 0.1 02 03 04 05 0.6 0.7 0.8 0.9 1
time [sec] time [sec]
[step input] [cubic trajectory input]
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Robot Control Practice: PTP control

@ 2-DOF Serial Robot: (M1) k;=200, ky=1.5, (M2) k=160, ky=1.2
¢ Cubic Trajectory: [p,, p,]=[100,120] - [-100,120]

— - > E -
2 Goto2 Goto3
Goto
thd |- ~ _—/2 PR L out |2 p[n1
A
4 i G | 4 PID Subsystem DA

fen fen

tsec w_index {W_index]

tsec Goto5 Out1
Ui
Trajectory Function Inverse Kinematics
w Encoder
Goto1 - ;
(pi/180)*[0,90]

enc_offset

AL

xd [mm]

ok -
ol
wn
o

| |
| |
1 1 1
05 1 15 2 25 3 35 4 45
time [sec]

]
|
|
A--rf -4
|
|
|
|
R U R
|
|
- 4L __

th [deg]

T T i
| | |
| | |
I I
0.5 1 15 2 25 3 35 4 A5 5 55 6

0.3

0.2

err [deg]

0.1f - Ak -
P

0

-0.1

I I I I
0.5 1 15 2 25 3 35 4 45 5 5.5 6

time [sec]
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Robot Control Practice: PTP control

¢ 3-DOF Serial Robot: (M1) k,=200, k4=1.5, (M2,3) k=160, k4=1.2

¢ Cubic Trajectory: [p,, p,]=[100,120], 90 deg -> [-100,120], 90 deg
- .
Goto4 3 [thd] Goto2 Goto3
Goto
dx tha > | A N ou FL—p|in
3 \‘- 3 3
d 3
X 4 xd Fha i 4 4 PID Subsystem DA
fen fcn
[5 s X {finde
tsec Goto5
Outl
Trajectory Function nverse Kinematics 3 3
0—T1—T1 17 T T T 1 T T T 1 3% Encader
I I I I I I I I I I I Gotol
| | | | | | | | | | | 3 (pi/180)*[0,90,0]"
T 100 R R e B S EEE B o
£
% o =
-100 L 1 1 1 1 1 L L L |
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
time [sec]
200
I
100 ==
= I
S o
<
-100
-200 | | | | | | | | | | |
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
time [sec]
0.6
I I I I
04 --—4—-——+-—— - — — 1 —
S I I I
S 02
& :
0 g v [ S [ At A e B T
wv\mw
1 1 |

0.2 ‘ A S
0.5 ) 3 3.5 4 4.5 5 5.5 6
&\ MathWorks: ‘me[seC] Robotics & Design Lab (imecha.kyungnam.ac.kr)




Robot Control Practice: PTP control

L 2R 4

5-bar Mechanism (Type I) : (M1,2) k,=160, k,=1.2

Cubic Trajectory:

Ap,=50, Apy =50

T
Goto4 [thd] Goto2 Goto3
Goto
2 2 2 2
(0 0) dx thd - > ) =P fin outA—ppint
dx 2 - A
4 xd i W a PID Subsystem DA
fen fen
tsec w_index
tsec Goto5
Trajectory Function Inverse Kinematics

— Outl
2 2
’ t
| (0i/180)(120,60]

Gotol

Encoder

enc_offset

200 T T T T T T T T T 400
| | | | | | | | | —_
—_ ; IS
£ £ 200
£ 100 S
e} x
x
0 0
200 150
= =
E 100 S 100
s =
0 50
time [sec]
0.2 T T T T T T T T T 0.2 T T ‘ \ T \ w w
| | | | | | | | | | | |
—_ / \
7 A - P wwwwf PN
5, 0] s s R S,
{ | ! A~ | AT -
% \WWW = ‘ 5
ool LT VY T
02 04 06 038 1 12 14 16 1.8 2
time [sec]

[X move]

4\ MathWorks:
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Robot Control Practice: PTP control

¢ 3-DOF Parallel Robot: (M1,2,3) k,=160, k;=1.2
¢ Cubic Trajectory: Ap,=50, Ap,=50

3 [xd] . . ]
Goto4 3 [thd] Goto2 Goto3
Goto
dx d - AH
4\ x 37 "\ 3 PID Subsystem DA
fen fen
tsec w_index
Goto5
Outl
Trajectory Function Inverse Kinematics 3 3
Encoder
Gotol -
(pi/180)[-144.9004,-24.9004,95.0996]' |
0 enc_offset
5 50 T T T T T T T T —
'g‘ ,g, | | | | | | ﬂ |
| | | | | 1 | |
é c | | | | ,/‘/'//‘ | | |
> — | | | /\// i | | | |
ko] | | I | | | | |
x > | T | | | | | |
0 0 S | | | | | | |
2 02 04 06 08 1 12 14 16 18 2
time [sec]
200 T T T T T T T T T 200 . . . . . . . . .
— | | | | | | | | | | | | | | | | | |
[=)) T T T ! ! I | = . ; ;
[0) | | | | | | | | | [} | | | | | | | | |
S, 0””7””? ””””” | 1] 5 OF--"-9-—=--- 7 R R
o ! ! ! ! ! ! ! ! ! | | | | | | | | |
- I L T T T T E I L 1 1 | | | | |
! ! ! ! ! ! -200 | | | | | | | 1 1
= e
3 TN |8
B, 0 AN e e S A R S SR S R AT S,
= | | | | | | | | | =
@ | | | | | | | | | ]
-05 I I I I I I I I I

0.2 0.4 06 038 1 1.2 14 1.6 1.8 2
time [sec]

[Y move]
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Robot Control Practice: Trajectory

[Grammar]
% : notes
GO1 : ptp move (by cubic polynomial)
Format: X Y W L A
[mMm] [mm] [deg] [mm/s] [deg/s]
S00 T : set holding time in sec
MO2 : script end

[-200, 40]

L.

€® Trajectory Generation (similar to G-code)

P, [ l P; [0, 40]
Pl o< ) PO, P4
x [-200, O] [0, 0]

Ps(¢ =30") Py(¢=-30") P, (¢ = 07)

Format:
X Y W L A
[mm] [mm] [deg] [mm/s] [deg/s]
200 ; ; 50 ; ;
—_— | | —_— | |
E | | (@] | |
E o SN g : /\/
) | | o | |
g / | 5 | |
-200 ‘ 50 ‘ ‘
0 5 10 15 0 5 10 15
Time [sec] Time [sec]
- 100 | | g 50
£ AN g
E 0 | 1 ) 0
2 | | 3
-100 ‘ ! S -50
0 5 10 15 0
Time [sec]
500 ‘ ‘ — 200 ‘
C\K | | Nu; |
-~ | I = |
£ ‘\H A g | |
E O~ = 0 | AT
I: \J\ ‘/\ g | |
Q I | o | |
© 500 ‘ ‘ T -200 ‘ ‘
0 5 10 15 0 5 10 15
Time [sec] Time [sec]

4\ MathWorks:

% 3-DOF SKM %
GO01 X0 YO W0 L80 A30
% -X Move

GO01 X-200 YO WO
S00TO0.1

% +Y Move

GO01 X-200 Y40 WO
S00T0.1

% +X Move

GO01 X0 Y40 WO
S00TO.1

% -Y Move

GO01 X0 YO WO
S00T0.1

% +ANG %

GO01 X0 YO W30
S00TO.1

% -ANG %

G01 X0 YO W-30
S00TO.1

% HOME %

G01 X0 YO WO
S00TO0.1

MO02
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Robot Control Practice: Trajectory
€ 2-DOF Serial Robot:

er — <]
--TTTTTTT - o Goto4 2 -
- b : fthd] Goto2 Goto3
Il S Goto
7 N 2 ot 2
7/ AY - . Iy ]
’/ \\ thd TR\ 5> ni Out1 7> ni
1 xPC Target | 32 4 2 A
'\ From file > ey K gl fc‘n\ - 2 i fn\ . PID Subsystem DA
\ From File 4 o ind v_index
. Unpacki .~ e ‘
N . Goto5
NS e Out1
S~ol - Trajectory 2R SKM Inverse Kinematics 2
————— 2 [tha] Encoder
Goto1
(pi/180)*0,90]'
enc_offset
. €
, - Data output format: E
W& Source Block Parameters: From File 3 -
. 9] x
xpcfromfile (mask) (link) [Px= p_v >
Read data from a file into a software FIFO and output it in real time.
Parameters - Output port width:
Fil : : _
llename 8x(time, p_, p, .0)=32
'skm1.dat' N
) ﬂ Function Block Parameters: Unpackl §
Output port width (bytes): xpcbyte2any (mask) (link) %
32 =
Unpack a binary byte vector to extract data
Buffer size:
4000

Parameters
Disk read size:

Output port dimensions (cell array):

1024 [[4))] _
When reaching EOF: |Hold last output '] Output port data types (cell array): g
Sample time: {'double'} 5
dto

Byte alignment: [1

Show IsValid port

time [sec]
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Robot Control Practice: Gravity Compensation

il L gt
.

Encoder

(pi/180)~[0,90T

enc_offset
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[5-11 Arduino Interface: Arduino Mega 2560

€ Arduino Mega 2560

v ATmega 2560: 16MHz, 256kB Flash, 54-DI10, 14-PWM, 16-Al, 4-
UART, USB connector

v Supported /O drivers: Al, DI, DO, Al, PWM, Servo Read/Write, Serial
Receive/Transmit

v MathWorks webpage:
http://www.mathworks.co.kr/products/simulink/simulink-targets/

Arduino
ARDUINO ARDUINO ARDUINO
I'Lri > ) Iri JAVAN >
Pin 8 Pin 9 Pin 4
A Digital Input Digital Output Analog Input
=
E ARDUINO ARDULBJq ARDUINO
= ata |»
c y >
Pin 5 Poto  SEMSp Port 0
PWM Serial Receive Serial Transmit
ARDUINO ARDUINO ARDUINO
8y & o KF
Pin 2 Pin 9 Pin 2
Standard Servo Read Standard Servo Write Continuous Servo Write

~
[ 1]

JXMathWorks- & Robotics & Design Lab (imecha.kyungnam.ac.kr)




[5-2]1 Mechatronics Practice

€ ON/OFF Type:

€ Analog Sensor:

[IR, Pot, Keypad]

4\ MathWorks:

ARDUINO

I'ut

Pin 22

Digital Input

4

ARDUINO

Il
& Pin 23

[ﬁgltal Qutput

1]

A4

[Inputs: IR, Switch, Mic, Tilt CdS, Remote, Ouputs: LED, Buzzer]

5isplay
ARDUINO
FAVAN 4 N/ I
fen |
Pin 0 Display [cm
T SHARP IR
Display [AD Digital
ARDUINO
NN 4 N
fen
Pin 1
Analog Input1 el i
Display [AD Digital]1
ARDUINO
NN 4 s 1
fen
Pin 2 Display [Key Number]
Analog Input2 ALREIPAY

D

Display [AD Digital]2

n

=
o
=
m

i

W Robotics & Design Lab (imecha.kyungnam.ac.kr)



[5-2]1 Mechatronics Practice

CHol2= 0I0f @& Al Fast Recovery DiodeZ
¥ Jbs3ict. (2wosSE Z )

€ DC Motor:

— DIR—1 1 12__ENABLE—1
3 4
PWM—1 5 6 PWM-2

( pae = s |
\ /7 ‘ v = Y BALS
4\ 8 . : T
| < 2 G2,
/ =
: & - HolgE
i X 2l i el
3 - = (] 13 —
4 =t o)

[Dynamixel (32:1, 254:1) = DC motor, Pot]

S2F N 242 Y
T B etRojet AASN 5|0 e Al 2F

“8" ¢® HEAlLED

[PWM AMP]

[Al‘dllin() Mega 2560] [Motor1] [Motor2] o2 s0iE B
EN2 DIR2 PWM2 PWMI1 ENI1 DIR1 M- M-
[ lels]al5]2] ] omf T2 o [ [PWM Amp]
[PWM] 314
[USB] PWMI| 5 | g [PWM2
_ DIR2| 7 | 8 [EN2
é sv| 9 | 10 (Gnd
—
[9V DC z
POWER] =
oV j}) [POWER] [Power] [Analog] [Pot1]
GND | 5V[Gnd Gnd 9V| [AO]AT|  [Gnd|Gnd||  |Gnd[al [sV |

[Pot2]

[Connection]
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[5-2]1 Mechatronics Practice

4 DC Motor:
pwm1 » m‘l I—I
3 Pin 4
! » 0 Ut B
! . ARDUINO
PWM1 Slider Gain o .
3 Pin 2
1 » 0 PWMs ™ g:] Digital C‘JAuF:;E)uLlHNO
PWM2 Slider Gain1 pwm2 LI
3 Pin 5
u2 P2
| ARDUINO
Out1 »> double plu A y air2 I
fcn & Pin 6
Data Type Conversion " Digital Output3
Pot Sensors Dynamixel POT . ]
Y DISpIay [Deg] MATLAB Function
> [Pin Assignments]
g I <DC Motor Driver>
TN R Pin 3 DIR1 (1) -> Pin2
Display [ADC Value] Dol OutpatT EN1(2) = Pin3
PWM1(5) -> Pind
ARDUINO PWM2(6) - Pin5
DIR2 (7) -» Pin6
S M t . D—’ In EN2(8) > Pin7
e rVO O O r . ENZ I Pin7
Digital Output?
[PWM Subsystem]
ARDUINO ARDUINO
NN Mo A vt Ay > @
fen fcn

Pin 1 s 4 Pin 9

Analog Input2 AD Keypad ANGLE Standard Servo Write
Display1 Display

MOVIE

‘,\Ma‘[hWOrkS' m Robotics & Design Lab (imecha.kyungnam.ac.kr)




o
MOVIE

PWMs
Pot Sensors

Sy
<
O
©
©
E ] 3 =
3 o =
g W [ T R E I R —
. A g 2
| 1> = B I R o J
% (=] jo PP -4----r-r-T--————-r-17-4~ < ©
111 ™
= ‘—
3 L X 9
L - I A R e e R A H n/m. m
I R R D =
T A X e S A N S St P ) | I =
D g L [ ET
A — K m
nu [ n T S -
a = @ Fr—a4-—=I——F~—r=—fT=-"-~-1——rr—-1t - 9Y o
e Ez |l 8 6
e ala |2 _m_._nt...w i I o =
o L o L O A B A I A PO |
C @ 2 "E [ e e B A o S
3 o A 5 a8 [ B T [ T B B e
5 A D bl [ N [ K
(qe) - I A R I R Y =
Y g 2 8 8 @ 8 B § B 8 8 °
P : m [Bap] eur » puy &
N
< : : : 9
— 0 IR —_ S
o nm = THftTTTTTTTTTTTT RO
S 2 | | | | | u
r ] S A K 0
) L - O
— e o
| | | | | ﬂ—
T O B S S i
= o ule
C e E
| | | | | -
o e 8
=) g
p— R R o
o L X
- | | | | | bl
| | | | |
7~ | | | | | ~
— (&) 8 8 8 38 = B °
3 % [Bap] ews 3 pur
| = | | ©F
LO S Sy A T = OE
| | o
Il NI Y % U ° ﬂ_u
| | . —
A = I 10
[ |
\\\\\\\\\\\\\\\\\\\\\\\ wn O
= 5 g
c R = S S g B
< s = = S SX B
C ! ! 1. m W
\\\\\\\\ [ e
D | | (47 B
\\\\\\\\ P S 1 =
~» .. kg s
| | el
: . & oo &
‘ [6ap] eup 3 puya




[5-4] 2-DOF Robot Arm Project

€ 2-DOF Robot Arm with Keypad Control:

Forward Kinematics:
S ; ‘ K0->+thl, K4->-thi,
A @ K1-2>+th2, K5->-th2
o Inverse Kinematics:
K2-2>+x, K62>-X,

‘ | ‘ [ K32>+y, K7>-y

\ e
s O - -

AAAAAAA

NN 4 4
fi fi
b PID Subsyst PWM:
AD K d ubsystem s
Analog [nput2 i z

— Keypad Control

Out1
| Pot Sensors
Display1 I:
in

Display /

ﬂMathWOrkS' Robotics & Design Lab (imecha.kyungnam.ac.kr)




[5-5] Walking Robot

3 IR Sensors 2-ch PWM AMP

Arduino Mega 2560

4\ MathWorks (@NOIoN W Robotics & Design Lab (imecha.kyungnam.ac.kr)




Arduino Interface: Arduino Mega 2560

€ Arduino Mega 2560

v ATmega 2560: 16MHz, 256kB Flash, 54-DI10, 14-PWM, 16-Al, 4-
UART, USB connector

v Supported /O drivers: Al, DI, DO, Al, PWM, Servo Read/Write, Serial
Receive/Transmit

v MathWorks webpage:
http://www.mathworks.co.kr/products/simulink/simulink-targets/

e *=21 Continuous
FAYAR b Analog Input :
MADE & ; s e B , q Servo Write
INITALY o= = ~ Y45 2
Ju-. } Digital Input i o Digital Output
C I /1 PWM = | Serial Receive
LX) e g ¢
&3 o3 AT NS
e Serial Transmit  § . Standard Servo
vest Read
g Standard Servo
! ° Write
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Arduino Interface: Parts

¢ DC Motor Amplifier(AM-DC2-2D) (2ch, 2A, 5~45V)

PWM1 1 2 DIR1
L298N /Enable1 3 4 .
UHOITH AL PWM2 5 64/ DIR2
/Enable2 7 8
VCC_5V O ¢
_c’“. 9 10

€ Geared DC Motor (60RPM, 3.5kgf.cm at DC 6V)

m SPECIFICATION

Motor Type
Bearing Type
Torque 4.8/6.0v
Speed 4.8/6.0v
Size

Weight

3 Bole Ferrite
Nylon Bushing
3.0/ 3.5 kg.

0.19 / 0.15 second
41 x 20 x 37mm
48.5 q.

@\ MathWorks:
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Arduino Interface: Connection

[Arduino Mega 2560]

| |
- 3 — 5V| 5V J
PWM] 22| 23 -
| > [USB [
= [ ] 24| 25
— - 26| 27
-
< 28| 29
=
O
[9V DC 3
POWER] -
v —e @) [POWER] [Power]
GND—1-@ ! 5V |Gnd ——Gnd Gnd
® |
Gnd | Vce | Out
[PWM AMP] )\ [IRSensor 1]
¢ ‘x
1 2 Gnd | Vcc | Out
3 | 4 [IR Sensor 2]
5 | 6 :‘
ANER
[T 9 110 [IR Sensor 3]
V- [Motorl] [Motor2]
Vel M e [ MM
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Arduino Interface: Control Program

Control of 2 DC motors by 3 IR sensors

ARDUINO
If IR3=ON, Enable pum1|—p[ Ui |——— M1
If IR1=OFF& |R2=°FF, then move forward Data Type Conversionl Pin 2
If IR1=ON & IR2=0OFF, then turn left )———p|u =TV ARDUINO
If IR1=0OFF & IR2=0ON, then turn right In dirl p[ e | > mim
If IR1=ON & IR2=ON, then move backward Data Type Conversion2 pin 24
4
fcn ARDUINO Digital Output
ARDUINO pem2|——p[ Ui |————p mri
o Data Type Conversion3 Pin 3
I I I I P-Jul H u2 PWM2 ARDUINO
. In2
Pin 26 outl " dir2|——p[ uint8 > I
Digital Inputl Data Type Conversion4 pin 25
ARDUINO >t Embedded Digital Outputl
MATLAB Function
rri Pl 4
fen ARDUINO
Pin 27
Digital Input2 gl
igi E] -
EN1 Data Type Conversion5 Pin 22
ARDUINO out2 PWM Amplifier Digital Output2
IIi P[u3 ARDUINO
Pin 28 [ om ——» TN
Digital Input3 EN2 Data Type Conversion6 Pin 23
Control Logic Digital Output3
function [outl, out2] =fcn(ul, u2, ul) [PWM A lifi ]

% When IR sensor is blocked (or reflected), u=0
% When IR sensor is not blocked (or not reflected), u=1
outl=0; out2=0;
%sp1=250; sp2=-250;
sp1=-190; sp2=170; % 0~255 %
if ud==0,
if ul==1 && u2==1, outl=spl; out2=sp2; end % Forward %
if ul==0 && u2==1, outl=0; out2=sp2; end % Left %
if ul==1 && u2==0, outl=spl; out2=0; end % Right %
if ul==0 && u2==0, outl=-spl; out2=-sp2; end % Backward %
else
outl=0; out2=0;
end

ﬂMathWOrkS' Robotics & Design Lab (imecha.kyungnam.ac.kr)




6-bar Leg Mechanisms

y

z, 1 2z | z. | z, |

Zs

45 15 | 375 | 375 [ 60

60

[SimMechanics]

4\ MathWorks:

y-axis

_150 L | | | | | |
-150 -100 -50 0 50 100
X-axis ﬁ
[MATLAB
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8-bar Leg Mechanisms

z, | z. | z. T z. | z

Zg

Zy

28 128 83 128 83

83

83

[8-bar mechanism (Theo mechanism)]

[SimMechanics]

4\ MathWorks:

_150 L 1 1 1 1 1 S

-150 -100 -50 0 50 100 r
X-axis /

[MATLAB Simulation] ==
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Walking Robot Prototypes

[6-bar Legs] [8-bar Legs]

¢ Operated by two DC motors and Move forward/backward/right/left
s Statically balanced walking robot

4 MathWorks (OB W Robotics & Design Lab (imecha.kyungnam.ac.kr)




[5-6] Haptic Interface

€ 2-DOF Parallel-type Haptic Device
v" Forward kinematics module
v" Force-Reflecting module
v" VRML graphic module

¢ XY-Move &) | (]
(o[-
-~

File View Viewpoints Navigation Rendering Simulation Recording Help

:Viewpointl ~ |Fiy VJ Hlacda B @ ke

position

| <
force

[Viewpoint1 [r=46.70 [Fy [Pos:[0.00 100.00 -0.02) Dir:{0.00 -1.00 0.00]

[Haptic Device]

[Virtual Environment]

&MathWorks- & Robotics & Design Lab (imecha.kyungnam.ac.kr)




[5-7]1 PC-based Controller with xPC Target

AC Servo
PC-based, | Control DA(6ch) s .
[ Host PC Target PC output ™1 PX1-6713 P Driver(6-axis) —% AC Servo Linear
DA Q' b as ed ] NI PXI MR-J3-40A Motor | | Actuator
{ ) (6-axis) | (6-axis)
High-level <_T/('3PP . System) +F’lonsrl)tllﬁn_ C‘;;;?It_%rég;h) < HF-KP43B | | KR45H10B
Control/
D Real-ti =
A SRS e T Digital Control(15ch)
Logging Control <+, /Output"’ PXI-6528 < » &
Limit Sensors(18ch)

M1 PXI-10420

real-time
target machine

[PC-14]

[speedgoat] [NI PXI with DAQs]
Pulse
[DSP—based] | Output ) AC Servo
[FPGA-based] FPGA Module AC Servo <€—) Motor
Host PC (Reconfigurable Position Driver{Sch) (6¢h)
‘_ S
(Windows) [€PCI—P Digital 10) el
(A2 X0 7)) (Inverse Kinematics) Limit S
imi r
(Trajectory Generation) (% DI/O > & ETtemea?sso/w

4\ MathWorks:
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RODOt Developments by xPC Target

[6-axis Force/Torque Sensor] [elta Parallel Robot]
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[6] Conclusions

€ This hand-on notes can be used partially or fully in Robotics, Control
Design, Mechatronics system, and Capstone Design.

€ The hand-on notes with drawings and MATLAB & Simulink examples
will be published at the following website.

v http://imecha.kyungnam.ac.kr/rndlab

€ More project practices will be developed.

THANK
YOU
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