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Welcome Message from the IECON2015 General Chairs

On behalf of the Organizing Committee of IECON2015, it is with great pleasure and
honor we welcome all the participating delegates from 53 countries to take part in the 41st
Annual Conference of the IEEE Industrial Electronics Society (IECON) that is being held in
Yokohama in the prefecture of Kanagawa, Japan, form November 9th to November 12th,
2015. Throughout the past 41 years, IECON has excelled in showcasing creativity, in
providing an ideal environment for technical exchange and networking, and most
importantly in emphasizing the applied nature of the industrial electronics/informatics over
a2 wide range of industries. IECON2015 is also focusing on industrial and manufacturing
theory and applications of electronics, controls, communications, instrumentation and
computational intelligence.

Yokohama is the first harbor city introduced to the world as the entrance to Japan.
Since the time its port was opened, Yokohama has been vigorously acquiring new cultures
and information from foreign countries and introducing to Japan our country’s first-time-
ever things from food to a wide range of cultures, which entitles Yokohama as the birthplace
of Japan’s modern culture. In Minato Mirai 21, which is the conference area, is the popular
tourist spots in Yokohama. Yokohama Landmark Tower has 296 meter skyscraper with a
shopping complex. Yokohama Red Brick Warehouse is a complex building where you can
enjoy shopping and dining of every kind.

IECON 2015 had 1250 papers submitted from 47 countries. After the review process,
IECON2015 has 932 high quality accepted papers, which includes 14 Student Forum papers,
312 Special Session papers and 606 Technical Track Session papers. IECON2015 has three
plenary sessions based on the highly reputed speakers. Moreover, IECON2015 has the
timely and interesting Industry Forum based on eight industrial leaders having highly rich
experience.

We would like to thank all authors and participants who have contributed to make
this event a great success. Finally, we would like to specially thank to all of the volunteers
who have worked very hard at all levels, those who participated in the review process, the
special session organizers, the technical tracks chairs, the technical committees members,
the industry forum organizers, the student forum organizers and the local and international
organizing committees. Moreover, we would like to thank to all IES officers who helped us
'n promoting Yokohama as the host of IECON2015.

al»

Prof. Kiyoshi Ohishi Prof. Hideki Hashimoto
Nagaoka University of Technology Chuo University

IEEE IECON2015 General Co-Chairs



Welcome Message from the IECON2015 Technical Program Chairs

On behalf of the Technical Program Committee, it is our great pleasure and honor
to welcome you to Yokohama for the 41st Annual Conference of the IEEE Industrial
Electronics Society (IECON2015). The main objective of IECON2015-Yokohama is to
provide a forum for researchers, educators and engineers in the general field of industrial
electronics to disseminate their latest research results and work up technical interests in
the future research directions of the related fields.

A converge of IECON is very wide and the IECON2015 is no exception. We have 17
regular tracks covering various fields and 47 call for special sessions. The program also
includes 15 tutorials from experts. All 1230 submissions were thoroughly reviewed and only
918 high quality papers were included in the final program. Presentations at IECON2015-
Yokohama are organized in 18 parallel tracks, for a total of 173 oral sessions, taking place
during the four conference days. We have the fortune to be able to invite some distinguished
speakers to deliver plenary talks. We would like to thank all the members of authors, plenary
speakers and attendees for their support and participation.

We wish to express our most sincere appreciation and thanks to all the individuals
who have contributed to the organization of this conference. Our special thanks are
extended to our colleagues in the Program Committee for their review of all the submitted
papers, which is important for the success of this conference, and the Track Chairs and the
Special Session Chairs for their attractive proposal of sessions. We also extend our great
thanks to the Local Arrangement Committee who have spent their time for ensuring the
success of this conference.

We hope that you will have fruitful conference and enjoyable stay in Yokohama,
Japan.
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Prof. Toshiyuki Murakami  Prof. Leopoldo G. Franquelo Prof. Mo-Yuen Chow
Keio University Universidad de Sevilla North Carolina State University

IEEE IECON2015 Program Co-Chairs
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TROTTING CONTROL OF A QUADRUPED ROBOT USING PID-ILC

Petrus Sutyasadi
Mechatronics, Asian Institute of Techology
Pathumthani, Thailand
petrus.sutyasadi@ait.ac.th, peter@pmsd.ac.id

Abstract—This paper presents the development of a
quadruped robot and introduces its trotting control algorithm.
Dynamic control of a four-leg robot is not an easy task. Several
attentions are required especially on the stability aspect. During
trotting, the quadruped robot is supported only by its two
diagonal legs. In this stage, the robot is unstable and easy to fall
over. The instability becomes even worse with the presence of
external and internal disturbances caused by the movement of
legs or body of the robot. The stability of the quadruped robot is
achieved by controlling its center of gravity (CoG) trajectory
during trotting. The joint trajectory is controlled using hybrid
Proportional Integral Derivative — Iterative Learning Control
(PID-ILC). The CoG position is controlled based on the trunk
attitude. The experimental results reveal that PID-ILC needs
only 10 iterations before it can follow the desired path. Trunk
attitude is improved three times better by having small pitch and
roll angle less than £3.7 degree.

Keywords— quadruped robot; trot gait; iterative learning

l. INTRODUCTION

Quadruped robot is a four-leg robot. It uses legs for
locomotion instead of wheels. Research in leg-locomotion of
mobile robot is still an interesting topic because of its unique
advantages over the wheel robot [1]. Leg robot has good
mobility in avoiding obstacles as well as during surmounting
[2]. In natural terrain where there are many non-continue paths,
leg robot has superior locomotion performance than the wheel
robot.

However, trajectory tracking and stability control of leg
robot is still a challenge topic. A quadruped robot has static
stability because of its four supporting legs [3]. As long as the
center of gravity is inside robot’s supporting polygon formed
by its legs, the robot is statically stable. However, motion with
static balancing is considerably slow. To get faster motion the
robot has to use dynamic gait pattern; such as trot, gallop, or
bound. Dynamic gait pattern motion requires complicated
dynamic control of the robot and good mechanical design.
During dynamic gait pattern motion, the robot is more sensitive
to disturbance in comparison to static balancing motion.

Il. KIEMATIC OF A QUADRUPED ROBOT

A 12-DOF quadruped robot is developed at AIT. Each leg
contains 3 degrees of freedom as shown in Figure 1. Based on

Manukid Parnichun
Mechatronics, Asian Institute of Techology
Pathumthani, Thailand
manukid@ait.ac.th

the reference frames embedded at the joints of the robot, the D-
H parameters are given in Tablel:

TABLE I D-H PARAMETERS OF AlT QUADRUPED ROBOT
Parameters links
a; aj a; as
o; /2
d; 0
0, 0, 0, 03

Fig. 1. D-H parameters of a leg of AIT quadruped robot

The homogenous transformation matrices of the quadruped
robot are obtained.

cosg, 0 sing, @ cosé,
o sing, 0 —cosf, asing, (1)
I 0
0 O 0 1
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cosd, -—sing, 0 a,coséd,
1p = sing, cos@, 0O a,siné, )
0 0 1 0
0 0 0 1
cosf, —singd, 0 a,coso,
) sing, cosd, 0 a,sing, 3)
A= o 0 1 o0
0 0 0 1

Therefore, the homogeneous transformation matrix that is
used to transform coordinate of the foot reference frame to the
shoulder reference frame can be represented by:

0A3=0A11A22A3 — R3X3 d3)(l
le3 1
cos @, cos(6, +6;,) —sin(8, +6,)cos b,
sing, cos(8, +6,) —sin(é, +6;)cos b,
sin(6, + 6,) cos(6, +6,)
0 0

sing,  cosé,(a, cos(d, +6,)+a,cosb, +a,)

—cos6, siné,(a,cos(8, +6,)+a,cosb, +a,)
0 a,sin(d, + 6,)+a,sinég, @
0 1

Where d = (x,y,2)" is thé foot position vector.
x = cos6,(a,cos(@, + 6,) +a,c0s6, +a,) ()
y =siné,(a, cos(d, + 6,) +a, cos b, +a,) ©
z=a,sin(6, + 6,) + a,sin G, (7

In order to get the joint angles from a foot position, an inverse
kinematics of the quadruped robot is analyzed. Multiply (5)
with sin 6;, multiply (6) with cos 6;, then subtract them.

xsinf; —ycosf; =0 (8)
Thus,
6, = atan (%) (10)

Multiply (5) with cos 68,, multiply (6) with sin 8,, and use the
trigonometric relationship.

sing? +cos @ =1 (1)
Hence
cos(b, +6,) =.

XCcos, +ysing, —a,cosb, —a,

12
a (12)
From (7),
sing, + 6,) = 2= 23N% % . (13)
Substitute c0s(0, +6,) and sin(0, +6;) from (12) and

(13) into (11).

A.sin, + B.cosO, = D. (14)
Where
A=-7 (15)
B=a,—(xcosé, +ysing). (16)
. 2
D:2a1(xcosel+ysm91)+a32—a§ . (17)
2a,
—a? —2z* —(xcos @, +ysing,)’
2a,
From (14),
A=rcosg. (18)
B=rsing. (19)
Then
@ = atan (g). (20)
r = +VAZ 1 BZ.
2
Equation (14) can be written as
0 s gD
cos¢sin g, +singcos o, —?‘ 22)

sin(¢p + 0,) = 2 (23)

r



From (11),

cos(¢+6,) =+ /1—sin’(p +6,)

(24)
_ £’ -D?
= ; .
Thus
D
tan(¢+6,) = Ny 25)
0, = —0 + atan (J_r \/:2)_7). 26)
Substitute the value of ¢ and r in (20) and (21),
B D
0, = —atan (Z) + atan (J_r m). @7

There are two answers of the solution depending on the
mechanical constrains.

From (12) and (13), 65 can be determined.

z—ay sin 6.
0; = atan( o )

x cos 61+y sin 61 —ay cos 8, —aq1)—6,

(28)

o

91'0 3are derived from the known

The joint angles 2 and
foot position X YrandZ .

6, = atan (%)

29)
B D
6, = —atan (Z) + atan (i TZ—DZ)' (30
_ z—ay sin 6,
63 = atan (x cos 01 +y sin 6, —a, cos 92—a1)—92)' (31)

I1l. HARDWARE DESIGN OF THE QUADRUPED ROBOT

The quadruped robot, designed and developed at AIT, has
12 degrees of freedom and is actuated by 12 dc motors. Each
leg contains 3 degrees of freedom. The hardware specification
of the quadruped robot is provided in table2.

TABLE II. HARDWARE SPECIFICATION OF THE QUADRUPED ROBOT
Specification value
Length 400mm
Width 281mm
Height 285mm
Weight 10,25kg
Battery 12Vx2
Degree of freedom 12DoF
DC motor power 18Wx12

The controller for the robot is divided into two levels: low
level controller and the high level controller. The low level
controller is used to control each joint in the legs while the high
level controller is used to control the stability of the robot and
to generate gait patterns.

(b)

Fig. 2. D-H parameters of a leg of AIT quadruped robot

All the controllers are implemented on Arduino controllers.
The robot uses distributed control architecture for the low level
controller. Six Arduino UNOs are used to control 12 DOF of
the legs. The high level controller uses two Arduino MEGAsS.
One of the Arduino Mega is used as the gait generator, while
the other is used for balancing control. The gait generator sends
the gait commands to the joint controllers via UART,
meanwhile the two Arduino MEGAs communicate each other
using I2C. In balancing and attitude control, the robot uses a
MEMS IMU consisting of 3-axis accelerometer and 3-axis



gyroscope. The schematic diagram of the controller is shown in
figure 3.

Gait strategy & postural control

6 DoF IMIJ

Fig. 3. Schematic diagram of the controller of the quadruped robot

Sinusoidal gait pattern is applied during the swing phase
and linear gait pattern during the stance phase. Not every
setting of the sinusoidal parameter provides good trotting
performance for the quadruped robot. The important
sinusoidal parameters are the amplitude (length of the step)
and the frequency (speed of the step) of the gait pattern. These
parameters affect the stability of the robot trotting. Higher
frequency of trotting causes vibration in the robot. The length
of the step relates the distance of the CoG shift. When the
quadruped robot is trotting forward, its CoG is shifted
forward. Six DoF IMU is used to measure the body attitude
and fed to the controller for balancing control.

During trotting, stability of the robot is monitored from the
trunk attitude. The pitch and roll angles of the trunk are
measured, then CoG of the quadruped robot is shifted
according to these angles. If the trunk pitch angle is positive,
head up, then the CoG will be shifted forward along the X axis
in positive direction. The CoG will be shifted backward if the
trunk pitch angle is negative, tail up. Along with the Y axis as
well, the CoG will be shifted to the right if the robot tilts to the
left, and vice versa. The new CoG position is determined
during trotting and updated according to the trunk attitude.
The detail of the algorithm is shown in figure 4, while block
diagram of the control system is shown in figure 5.

C(:-G ‘gtiurl *_‘_:’ei-{:bcﬁ

CoG shift dwection

9.'1 |1r.‘.‘r;

Fig. 4. Control algorithm for balancing during trotting: (a) Sagittal plane
view, (b) Transverse plane view
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Fig. 5. Control block diagram of the quadruped robot

After linearization, the new CoG position is determined using
Xoft = Xoff +kx-0pitch
Yoit = Yoff +ky-0roll
where,
xoff : CoG offset in x direction
yoff : CoG offset in y direction
Opiren - pitch angle of the body (x direction)
Oron - roll angle of the body (y direction)

Gait pattern for forward trotting is shown in figure 6 whereas
gait pattern for right turning is shown in figure 7.
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Fig. 6. Gait pattern for forward trotting
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Fig. 7. Gait pattern for right turning

Leg joints are controlled using a hybrid PID-ILC. ILC is a
relatively new control technique used to improve input signal
of the system that executes the same trajectory repeatedly.
This technique is capable to improve the transient response
and the tracking performance [4]. Normally, PID gains should
be set to low values. High PID gains may cause vibration in
the system, especially if the natural frequency of the system
was not investigated properly. ILC is applied to adjust the
manipulated control signal until the desired trajectory is
achieved. Control signal of ILC is determined from



u] = uj_l + kde]_l(t) + kpej_l(t). (32)

This ILC control signal will be added to PID control signal.
Thus, hybrid PID-1LC control signal is determined from:

u = kyej(t) + kqa&;(t) + k; [ e;(t)dt + u;. (33)

The block diagram of the system is depicted in figure 8.
where,

uj :ILC control signal

ko : proportional gain

kg :derivative gain

ki  :integral gain

gj  :error between desired and actual outputs (yq —Y;)
j . iteration number

Fig. 8. Block diagram of hybrid PID-ILC [3]

IV. EXPERIMENTAL RESULTS

Control performance of the leg joint controller is tested by
sinusoidal gait pattern. Before applying ILC, the system has
large steady-state error. However, the system is stable as shown
in figure 9.

Fig. 9. Response from PID controller

After applying hybrid PID-ILC, the system is able to reach
the trajectory set point after 10 iterations as shown in figure
10. The phase different is due to the filtering of the output.
The result shows satisfactory output with low steady-state
error.

time

Fig. 10. Response from hybrid PID-ILC

At the beginning, big trajectory tracking error is observed.
However after few numbers of iterations, the output of join
angle can track the desired trajectory as shown in figure 11.

e

time

Fig. 11. Trajectory tracking performance of hybrid PID-ILC

By applying balancing control, the trunk attitude during
trotting has less fluctuation. Figure 12 shows the trunk attitude
without balancing control during trotting. Figure 13 shows the
trunk attitude with balancing control.
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Fig. 12. Trunk attitude without balancing control, angle fluctuation £11.4 deg
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Fig. 13. Trunk attitude with balancing control, angle fluctuation: £3.7 deg

V. CONCLUSION AND FURTHER WORK

A quadruped robot has been developed at AIT. Dynamic
walking was implemented via trotting gait pattern. The
quadruped robot could successfully move forward, walk in
place, and rotate to the right and to the left during trotting. The
foot material was selected for proper damping. The damping
softened landing impact. The CoG analysis and the gait
pattern design were applied to stabilize the trunk attitude. The
CoG shifting method improved the trunk attitude. Without
balancing control, the pitch and roll angles are fluctuated
about +11.4 degree. However after applying the stability
control, the angles were improved to only about + 3.7 degree.



In the further work, a push recovery control algorithm for
the quadruped robot will be designed. This algorithm is used
to prevent the robot from tip over when the external force
(disturbance) is applied to the robot.
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