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Abstract:

The two-wheel mobile manipulator has the potential to
become an efficient industrial robot due to its mobility and
dexterity. Moreover, it has expanded the operational area
of the mobile manipulator due to its ability to work in
a limited space. However, adaptability to unknown envi-
ronments has still not been developed to date. Therefore,
adaptation of the two-wheel mobile manipulator for un-
known environments especially for rough/irregular terrain
is discussed in this paper. Information about the environ-
ment, a key factor when aiming for compliance with an
unknown and/or unstructured environment, was collected
using a reaction torque observer. In order to adapt to the
environment, compliance control was applied to the two-
wheel mobile manipulator. In this paper, we present
a novel control strategy we have developed that can deal
with unknown environments through the effective use of
inverted pendulum control. Simulation and experiments
were carried out to ensure the validity of the proposed
method. The method could be confirmed as effective
according to the results obtained.

Keywords: two-wheel mobile manipulator, inverted pendu-
lum control, environment interaction, reaction torqueo,
compliance control.

1. Introduction

Mobility in outdoor unstructured or semi-structured
environments is an important consideration for mobile
robotic systems. The intelligence for generating adaptive
motor function is important when improving mobility
under such an environment. This paper addresses the
robot environment interaction of the two-wheel mobile
manipulator using a reaction torque observer. We have
developed adaptive motor functions of wheel motors for
uneven floor surfaces for the two-wheel mobile manipu-
lator.

Mobile manipulation provides the dual advantage of
mobility and dexterity offered by the platform and the
manipulator, respectively. The degree of freedom of the
platform is also added the redundancy of the system.
These systems can be effectively used for a variety of
tasks such as industrial robots, service robotics etc. The
two-wheel mobile manipulator has the ability to balance
on its two-wheels and spin on the spot. This additional
maneuverability allows easy navigation on various ter-
rains, the turning of sharp corners and making of traverse
small steps or curbs. The inverted pendulum problem is
one of the common problems in the field of control
engineering. The technology that has evolved from this
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unstable system is popular among researchers around the
world [1],[2]. Consequently, it has been used to imple-
ment self-balanced robots by many research groups [3],
[4],[5]. The two-wheel mobile manipulator is one of the
most recent self-balanced robots in which inverted pen-
dulum control has been used [6].

More recently stability improvements have been pro-
posed using null space control [7] and control gain swit-
ching [8]. However, the two-wheel mobile manipulator is
expected to work in a dynamic environment in industry.
Therefore this robot should be intelligent enough to cope
with an unknown or unstructured environment. This pa-
per proposes an embedded motor function, which deve-
lops the affinity and adaptability of the two-wheel mo-
bile manipulator to the environment. In a real environ-
ment, there are different kinds of agents such moving
objects, immobile objects and rough surfaces. Detecting
the environment is a critical issue in developing intelli-
gent motor functions resistant to environmental distur-
bances. Researchers have utilized in the recent past dif-
ferent kinds of detection methods such as sonar sensors,
cameras, sensors with additional memory functions and
force sensors [9],[10],[11] etc. Even though many detec-
tion methods have been reported on, an enduring prob-
lem has been that it is not easy to get precise information
about floor due to viscous friction and floor elasticity.

However, the reaction torque observer is a good can-
didate for obtaining this kind of environmental informa-
tion [11]. Hence our choice to use the reaction torque
observer to gather information on rough floors as descri-
bed in this paper. Another advantage of this system is its
low cost implementation due to being a sensor less appli-
cation. The robot should be adapted to the environment
and this adaptation can be implemented based on the
remote and contact information collected. Trajectory
tracking and obstacle avoidance derived from positional
information are important considerations for adaptation
by remote information. Among the significant applica-
tions, certain functions can be highlighted, namely:
obstacle avoidance and robot navigation using potential
functions [13],[14], obstacle avoidance control via sli-
ding mode approach [15], near time optimal trajectory
planning for wheeled mobile robots [16] and route plan-
ning for mobile robots amidst moving obstacles [17].
A versatile controller against environment change has
been developed for a power assistant platform [18] and
also a wheelchair robot [19] based on contact informa-
tion. This paper uses the compliance control as a com-
pensation method, which can smoothly compensate the
environmental disturbances [20],[25]. Wheel and mani-
pulator controllers are combined by means of a virtual
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inverted pendulum model. Here, balancing of robot
should be accomplished while achieving other motion
targets. No research work has been reported to date re-
porting on the use of a reaction torque observer with
inverted pendulum control. Therefore, this paper propo-
ses an innovative embedded motor function, which can
deal with the environment for the two-wheel mobile
manipulator. In summary, this paper presents a control
method that compensates the environment. Disturban-
ces, which are detected through the reaction torque
observer, do not affect the inverted pendulum control
and trajectory control.

Fig. 1. Two-wheel vehicle.

This paper is presented in seven sections. Following
thisintroduction section I describes the modeling of the
robot. Section III explains the double inverted pendulum
and section IV describes the development of a robust
wheel controller. Section V presents the manipulator
control and Section VI gives a brief introduction to the
disturbance observer and the reaction torque observer.
Section VII has been organized in two parts as the
simulation and the experiment. Each parts gives test
procedure, parameters and results. Finally, we close the
paper with the conclusion.

2. Modeling

The model for the proposed device is described in this
section. The two-wheel robot has a coaxial two-wheel
system. A Direct Current (DC) servo motor with an enco-
der used to measure wheel angles has been mounted on
one wheel. A vehicle body with three link manipulators
and a wheel system are assembled together. Each mani-
pulator link is controlled using a DC servo motor with
encoder. The body is connected to the wheel system via
a passive joint. The angle of the passive joint is measured
using an inclination sensor. The body connected through

o

Fig. 2. Model of two-wheel mobile robot.

the passive joint, is also assumed to be a manipulator
link. Therefore, the robot has the form of a two-wheel
robot with four degrees of freedom manipulator.

A. Dynamics

The dynamic modeling is described in this section.
The model of the robot is shown in Fig. 2.

Variables of this model are given in Table 1.

Table 1. Dynamic model parameters.

0, | Inclination angle of the vehicle body
m, | Mass of the vehicle body

6, |i=1,2,3Jointangle of linki

m; |i=1,2,3 Mass of linki

m,, | Massofawheel

0, | Rotation angle of wheels

I, | Distance between wheel center and center of body
;| The length of the ith link

R | Radius of wheels

%, | Universal coordinate

2z | Robot coordinate

In this derivation, we have assumed that mass of
a link is located at the top of the link. 6, is the angle of
the passive joint and the manipulator works in X-Z plane.
X axis is selected horizontally parallel to the floor and Z
axis is selected vertically. x; and z, are the robot's co-
ordinates. Clockwise rotation of the vehicle body, wheels
and all links are positive. In this model, dynamic equa-
tions are formulated using the Lagrange equation of mo-
tion. The Lagrange equation is shownin (1).

dfoL) oL _
dr\oq, ) oq, "

L is called Lagranrian function and is given by “L. = T -
U". Definitions of parameters are given by (Table 2).

i=12,..n (1)

Table 2. Dynamic model parameters.

L | Lagranrian function

T | Kinetic energy of the system

U | Potential Energy of the system

T, | Externaltorques

0, |i=w,0,1,2,3 angles of wheel, passive joint and
links 1,2,3

Kinetic energy of this system is given by eq. (2)
1 . .

T=E{(mwvj, +]w6’j)+(m0v§ +IO¢902)+ (2)

+ (mlvl2 + 11912 )+ (m2v22 + 12922 )+ (m3v32 + 13932 )}
U= g{(mwhw)+ (o )+ (m, )+ (m iy )+ (s, )} (3)
where v denotes the linear velocity and A represents
height from the wheel center to mass center of the link.
I is the moment of inertia of the corresponding links. By
simplifying (2) and (3) with (1), we can obtain dynamics
of the system as (4).

r=MO+H+G (4)
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where, T is the vector of motor torques. M is inertia
matrix. H represents coriolis acceleration coefficient
and centrifugal acceleration coefficient. G represents
gravity.

B. Double inverted pendulum

Inverted pendulum having two stages is called double
inverted pendulum. The stability margin of a double in-
verted pendulum is larger than that of a single inverted
pendulum. The former is used in this paper and a model of
itis shownin Fig. 3.

Fig. 3. Double inverted pendulum model.

G,  xposition of COG (Center Of Gravity)
G,  zposition of COG
l, Length of second pendulum

0, Angle of second pendulum

In our system, we have three link manipulators and
the robot body. Therefore the manipulator system has
four degrees of freedom. Equivalent mass center and its
position for the input into the manipulator system can be
calculated for this system as (5) and (6). At this point we
have a virtual robot body and an inverted pendulum.
Ultimately it becomes a virtual double inverted pendulum
system [6]. We used abbreviations to express equations
(5) and (6) and those are givenin (7).

G — m]ZOSO + mZI]SOI + mSZZSOIZ + m413S0123 (5)

my +m; + n, + my

C ,C 1.C
G. = ml,Cy + myl,Cy, + ml,Cy, + m,Cy (6)

my +m, +m, +m,

S, =sin 6,

C, =cos 0,

Sy =sin(g, +6,)

C,, =cos(b, +0,)

Soi, =sin(g, + 6, + 6,)

Cy, =cos(8, +6, +0,)

Soi; =sin(f, + 6, + 0, + 0,)
Cyps =c0s(6, +6,+ 6, +6,)

(7)

The length of the second pendulum and the angle of
the second pendulum are given by equations (8) and (9).

l; = \/(Gx _ZOSO)2 +(G, _loco)z (8)

0, =sin" {G;/OS‘)J -6, 9)

0
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A dynamic equation of the double inverted pendulum
is derived by using equation (1) and is given as shown
in (10).

7, =M, (q9)G+h,(q.9)+g,(q) (10)
Where, ¢ =[x.6,.6,] .,z =[F.0,0]

M ,(g)is a 3 x 3 symmetric matrix and components are
given in (III). Matrices 4,(q,q) and g,(g) are given by
equations (11) and (12).

—(my + M)l sin6,.62 — M1 sin6,.0}

h, = M Il sin(6, —6,)6,0,
M 1,1, sin(6, —6,)6; (11)
0

g, =|(m,+M)gl,sin 0,
M, gl,sin 6, (12)

Table 3. Elements M (q).

My = (M, + my+ M)
my; =M, l,cos6,
My = (m0+M1)lé
myy =M, l,cos6,
Mys3 =M, lj

My, = (Mmy+ M)l cos8,
My, = (My+ M,)lcos8,
Mgy =M, 11,056 ,(0,- 6,)
Mgz, =M, 11,056 ,(0,- 6,)

Here m,, is the mass of wheels 11, is the mass of Body
and M, is the mass of the second pendulum and it is
calculated as M, = m, + m, + m;. The dynamics of the
double inverted pendulum are given in matrix form as
explained by (10)-(12). Assuming that the passive joint
angle, 6, and the angle of the second pendulum, 6, are
small angles, we simplify the second equation of (10).
Since [, is not equal to zero, (13) was obtained. The
relationship between the linear acceleration and the an-
gular acceleration of wheels is shown as (14). Stabiliza-
tion control of the two-wheeled mobile manipulator was
implemented using (13) and (14).

té?'O:—l X+M+g00 (13)
IN M, + M,
X= R0, (14)

In our system, 6, which does not have a control input
is the angle of passive joint. In order to stabilize the
whole system, it is necessary to control 6,,. The only way
that 6, can be controlled, is to control the wheel accele-
ration. Hence, the control equation (15) is approxi-
mated.

éw — Kpd (eé‘es _ 00cmd) + de (g'ores _ agmd)
_ Mllded (15)
(my + MR

K., is the position gain of wheel command estimation
and K|, is the velocity gain of wheel command estima-
tion. €;“ and 6, are angle and angular velocity of robot



Journal of Automation, Mobile Robotics & Intelligent Systems

VOLUME 4, N°1 2010

body or passwejomt which are, measured a using gyro

sensor. 8" and 6, are command values and equal to
zero.

M,1,0
——4d__js the interactive effect of the second
(my+ MR

pendulum. Equation (15) was substituted with (13) and
(14) combined and a Laplace transformation was
performed for resultant equation. Finally, G(s) can be
obtained.

Hres - ;:(K +des)

G(S) = eLmd -

R 1
52+I—des+l—(RKpd+g) (16)

0 0

o, = li(RKpd +g) <= R (17)

0 2lO n

This is a second order transfer function. Natural an-
gular frequency, w,and damping coefficient, { are given
in (17). K, and K,,, were selected such that the system is
stable. To realize the wheel control, the angular acce-
leration of wheel, HM, which was estimated as described
in (15) was taken as an acceleration command to the
wheel motors. Then, estimated angular position and an-
gular velocity are generated by integrating the angular
acceleration command. The calculation process is repre-
sented by (18). Finally, estimated angular position and
angular velocity are taken as angular position command,
0" and angular velocity command, 6™ to the wheel

motor as described in (19).

0,= [6,d, 0,=16,dt (18)

0 =6, 0" =6, 6m=0, (19)
3. Development of robust wheel controller

using compliance control

In rough terrain, there may be some steps and random
items such as pieces of stone. When the robot collapses
due to such an item, it is because there have been forces
acting on the wheels of the robot. The controller should
have been robust enough to handle these forces. In this
section we explain the implementation of a robust
controller for rough terrain. List of symbols that we used
in this section is given by Table 4.

Table 4. Wheel controller parameter.

X Linear position command of the wheel
¢ Linear velocity command of the wheel

x’“ Linear position response of the wheel

x"“ Linear velocity response of the wheel

Fm. Force from the environment

T e Estimated reaction torque

X, Estimated acceleration of the environment

X Estimated velocity of the environment

X Estimated position of the environment

K, Position gain of wheel controller

K, Velocity gain of wheel controller

Obviously, the wheel controller is basically a simple

Proportional and Derivative (PD) controller. Angular
velocity command, €™ and angular position command
of wheel, 8" were reckoned using the double inverted
pendulum model as described in the previous section.
These angular commands can be converted into linear
commands as shown in (20) and (21). Hence, the accele-
ration reference of the wheel was drawn as described by
(22). K, and K, are proportional gain and velocity gain of
wheel controller.

(md R Hcmd (20)
cmd Hcmd (2 1)

X7 = K, (x"™ —x[")+ K, (5" = X)) (22)
This simple controller was modified by including
a compliance control. Reaction torque estimated through
the reaction torque observer is used for compliance con-
trol. Fig. 4 illustrates the translational and rotational
direction force components. In this approach the force
component in the rotational direction is zero.

A

F

ah

Fig. 4. Translational and rotational force component of the
robot.

When the wheels of the robot collide with some object
on the floor, it produces forces back on wheels. These
forces are estimated by reaction torque observers imple-
mented on wheel motors as torques. These reaction tor-
ques are transformed into the translational direction as
explained in (23).

Pl (23)

env R reac
Estimated forces are converted into position
characteristics using compliance control. If the virtual
impedance characteristics of the environment are M,
D,,, and K,,,, the conversion of reaction force into the
position command is shown in (24). Aenv is feedback gain

of external force.

M x +D x +K x

env® - env env: - env env” - env

AenvF;nv (24)

Using (24), it is possible to calculate the position
feedback and velocity feedback from the environment.
The acceleration reference command to the wheel motor
is modified as shown in (25).

cmd r
:Kp(xv -x" =Xx,,)+

+ K, (x" — xr -%, )%,

env

(25)
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Final acceleration reference value to the wheel motor
is implemented as in (25). An acceleration command is
produced by the robust control system based on the
disturbance observer and is transformed into torque by
motor inertia. Here, if only the ingredient of one degree
of freedom is taken out and the

Laplace conversion is carried out, it yields,

Kenv
X = KP + KVS xCWld _ M env Aenv
v o2 v env
s +KVS+K]; S2+%S+&Kﬂw

Menv Menv ( 2 6 )

2
20 0,5+ 0,

res __

v T2 2
s+20 0,5+,

cmd

2

,
) . 2 Cenv}?env (27)
s°+24, W, s+

env - env env

Where,

,» @, - Position response characteristics with respect
to position commandxj’”d,
¢ @, - Position response characteristics with respect
to environment force F,,,,,
C,.r - Compliance characteristics.

By this method, separate designs of characteristics for
each input (x", F,,.) can be obtained. It is possible to
attain the desired compliance characteristic C,,,, main-
taining performance of its position control.

Fig. 5 shows a block diagram of the wheel controller.
The control strategy has already been elaborated on;
describing how a velocity reference is generated to the

wheel motor. The robot presented in this paper is
commanded through a pendulum model. A virtual double
inverted pendulum model was constructed utilizing mani-
pulator dynamics and wheel dynamics. Acceleration com-
mands to the wheel are generated using inverted pendu-
lum control so that the body can maintain its balanced
position. Desired body angle (8:") is determined by the
pendulum model according to the commanded COG posi-
tion. The inclination sensor that was mounted on the
robot body is used to measure the actual angle of the body
(6,7 ). With the help of this data, an acceleration com-
mand is derived and elaborated inside the pendulum
controller in Fig. 5 and this process was explained by
section 2B.

The angular acceleration command is converted into
linear mode. Velocity and position commands for the
wheel motor are calculated by integrating the linear acce-
leration command. A reference motor current is calculated
using motor inertia, gear ratio and current constant.
A disturbance observer compensates the disturbances of
the wheel motor. Reaction torque feedback is used to
modify the trajectory in such a way that the robot can
adapt to the changing environment. Reaction torque
observers are implemented for each wheel motor and the
outputs of those are taken as the input to the compliance
controller. The strategy that was used to modify the wheel
PD controller is depicted in Fig. 5 as a compliance con-
troller.

4. Posture control of manipulator using

cog control

Kinematic relationship can be expressed as shown
in (28)-(30). q is the joint angle vector and is defined by

----------------------------------------------------------------------------------------
.

MZld

(M, +M;)R

0,

+ gemd
/_)/ O Virtual
- Double

Kinematics

o Inverted
0

Pendulum

o

xcmd + /S — + J_ m

¢ xenv - l xenv m x
Ii, env

I

I s
-k
=
| -]
[

[

+ +

Two Wheel
Mobile Robot res
6‘1/
+—>| Disturbance
| | Observer

Reaction
Torque
Observer

N>

reac

S T ok 1k
\ U ), ey
~ = — — Lompliance controller _ _ _ _ _ _ _

Fig. 5. Wheel controller with compliance control.
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q=(6,, 06 ,0,, 0,)andx is the position vector in
workspace.

x=f(q) (28)
$=J,, @) (29)
i=J,(@§+J,., (@) (30)

where J(g) is Jacobean matrix. Position vector in
workspace, x becomes COG positions of virtual inverted
pendulum. Therefore kinematics represented by f(q) is
explained by (31).

f(q){

Abbreviations are defined in (7). In the redundant
manipulator, joint space acceleration reference, §"
which was obtained using pseudo inverse matrix, can be
written as (32). In (32), the first term is the workspace
acceleration and the second term represents the null

space motion.

mlyS, +myl, Sy, +myl, S, +m S, } (31)
ml,Co +myl,Cy, + mil, Gy, + mL,Co o

G =T -Jp+(I-J ) (32)

where, J* is the weighted pseudo inverse matrix and
defined as (33).

Jr=wrJaw ! (33)

W of the above equation is a diagonal weighting
matrix. In the joint space a disturbance observer based
acceleration controller, W corresponds with the virtual
inertia matrix 1, and can be selected arbitrary [22]. By
using the joint space and workspace observers in (32), it
can be rewritten as (34) without calculating the J(q)q
and (I-J" J) terms [23].

G =JE + g, (34)

The workspace acceleration reference X" is given in
(35).

¥ =K, (x" —x )+ K, (X" -x ) (35)

where, K,, and K,, are the proportional gain and
derivative gain respectively. x is the COG position vector
in the workspace of the inverted pendulum andx,,,,, is the
COG position vector in the workspace of the inverted
pendulum.

Null space acceleration reference, ', is calculated as
shown in (36). ¢“"“and §" are angular position command

and angular position response respectively.
Grin =k, (™ =4") (36)

Fig. 6 shows the detailed block diagram of the posture
control of the manipulator.

The angular acceleration reference ("’ ) was calcu-
lated as shown in (34). Motor inertias were used to derive
the input torques of the manipulator motors. Position
responses of all links were used to model the virtual inver-
ted pendulum. In addition to this, position and velocity
responses were used to calculate the feedback signals to
the workspace. Disturbance observers were implemented
to each and every motor.

A workspace observer was constructed to compensate
the workspace error and Fig. 7 illustrates a diagram of it.

xref + q res
——13 Robot
g
X + 4+ xres
8.
s+g,
Py}
— "

Fig. 7. Block Diagram of workspace observer.

j..:'.'.lnl' ¥
K |5
+ o - L it
el b K f
x -
¥

Fig. 6. Block diagram of manipulator control.

kinematics r

| Double Inverted Pendulum Model Kk—
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Reference acceleration and velocity in the workspace
are the inputs to the workspace observer and g, is the
workspace gain. %" is the acceleration reference of the
position vector and X" is the acceleration error of the
position vector. X" and ¢"* are linear velocity response
and angular velocity response respectively.

5. Disturbance observer, reaction torque
observer and compliance control

A. Disturbance Observer

Disturbance observers were implemented on the motor
controllers to cancel the disturbance effects [21]. This
section describes the architecture and characteristics of
a disturbance observer. When a servomotor with one
degree of motion is considered, under an ideal motor
driver, a servomotor in the joint space can be represented
as (37),

Mq = z-m - T/ (37)

Where,

7, Generated torque of the motor,
7, Load torque,

M Motorinertia,

¢ Angularacceleration.

The total generated torque can be expressed as
r,=KI1,=K1I1" (38)

K, is a function of flux position and expanded in
Fourier series and is called a torque coefficient. 1, is tor-
que current. In most cases, it is possible to regard I, as
torque current reference 1.

Tl = Tint +Text +F+Dq. (39)

Where, 7, is the interactive torque including the Coriolis
term, the centrifugal term and gravity term. 7, is the
reaction torque when the mechanical system does the
force task. F' and Dg are Coulomb and viscous friction,
respectively. Substituting (38) and (39) into (37) yields

(40).
Mg=KI,—(r,, +71,, +F+Dq) (40)
The parameters in (40) are the inertia and the torque
coefficient. The inertia will change according to the
mechanical configuration of the motion system.
M=M,+AM (41)
The torque coefficient will vary according to the rotor
position of the electric motor due to irreqgular distribution
of magnetic flux on the surface of rotor.

Kt = Ktl‘l + AK[ (42)

Total disturbance torque 7, can be defined as follows.
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Tdix = T/ + AMq - AKt[(’;e/ = Tim + szt +
+F+DO+(M—-M)0+ (K, -K,)I, (43)

K, and M, are the nominal torque coefficient and the
inertia, respectively. AK, and AM are torque coefficient
fluctuation and inertia fluctuation respectively. However,
dynamic equation yields,

(M, +AM)g=(K,,+AK )], -1, (44)

Rearranging (44), equation (45) can be obtained.
Therefore disturbance torque can be obtained as (46).

M, g-K,I,=—(t,+AMg—-AK,I), (45)
Tdis = Kmla - an (46)

It is hard to implement an ideal differentiator. There-
fore, a pseudo-differentiator is used to obtain the accele-
ration. In addition, noise is included in velocity signal.
Low pass filler is inserted to reduce the effect of this
noise. Total calculation process of the disturbance can be
represented as shown in (47). Fig. 8 depicts the distur-
bance observer. g, is the disturbance observer gain.

Z,:dis = @(Kmla + gnthé)_ g()ane' (47)
s+ gob

1 s
O

Disturbance
observer

Fig. 8. Block diagram of disturbance observer.

B. Reaction Torque Observer

The disturbance torque estimated by (47) in the
previous section, is used for a realization of robust motion
control. It is effective not only for the disturbance
compensation but also the parameter identification in the
mechanical system. The output of the disturbance
observer is only the friction effect under the constant
angular velocity motion. This feature makes it possible to
identify the friction effect in the mechanical system. The
external force effect is also identified by using the
estimated disturbance [12]. Here, it is assumed that the
friction effects are known beforehand by the above
identification process. By implementing the angular acce-
lerated motion the system parameters are adjusted in the
observer design so that they are close to the actual values.
Asaresult, 7,,,. can be calculated as in (48).

reac

Trowe = Ty — T —F = DO~ (M — M,)0 -

reac

_(Kr _Km)la (48)
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N

Reaction torque,

Interactive torque,

Coulomb friction,

Viscous friction,

Nominal value of motor inertia,
Nominal value of current coefficient,
Estimated reaction torque.

reac

=

Yy
S‘N:E g 2

N>

reac

Here, it is assumed that the nominal values of Mn and Ktn
have been finely adjusted such that it is almost equal to
the actual values. Total calculation process of reaction
torque observer is shown in (49).

. g ( :
z-reac - e Ktn 1 a + g reac Mne -
S + gr(’?a(.’

_Tim _F_Dé)_greacMné (49)

Fig. (9) depicts the reaction torque observer.

7, =F.+Dl+1, +1,, Motor

\19|1\39

= b >

ref ,
ref I a 4o

1

i Reaction Torque
| observer

e Mng,-m’ﬁ

Fig. 9. Block diagram of reaction torque observer.

C. Compliance Control

The compliance control is the control system of com-
pensating trajectory so that external force may be follo-
wed, when force is received from the external world. It is
possible to realize stable contact with the environment by
this, and it becomes possible to give the robot flexibility
[19],[20]. Virtual impedance characteristics are set as
a mass damper-spring model. If the virtual impedance
characteristics are M, D, K and force feedback gain is
A, Equation (50) explains the conversion of force com-
mand into position command, x. . X and x are accelera-
tion command and velocity command of the compliance
controller.

M X, +D.x. +K.x.=AF, (50)

Fig. 10. Block diagram of compliance control.

The compliance control based position control system
is implemented by applying disturbance observer. Equa-
tion (51) and Fig. 10 is explained compliance control
based position control system.

jérd — Kp (xcmd — e _xc)+
+ K (X" =X — %) =K (51)

6. Validation of proposed method

In order to verify the proposed method simulation and
experiment was conducted. First, we explain the simula-
tion method and its result. Then experiment and results
are described.

A. Simulation

Simulation was carried out to check the validity of
proposed method. Spring-damping model used to model
the environment [26]. Environment was modeled by using
spring damper model and modeling is explained by (52).
K,and D, are damping coefficient and viscous damper of
damping model, respectively.

F,, =K, Av+D,Ax (if Ax<0)
F_ =0 (otherwise) (52)
Ax=x,, —x? ¥ =[e7d ¥ = [¥7 (53)

OpenGL simulation set up was used and it is shown in
Fig. 11. Simulation parameters are given in table (V).

Table 5. Simulation parameter.

Symbol Value Symbol Value
K, 6000.0 D, 600.0
@,, 10.0 $om 1.0
0.0001

CELEE P4l

2H 360 » | Spmt | dza Elowot | |

Fig. 11. Simulation setup.

In simulation, we injected the force to the wheel con-
troller during 4.5 seconds and 5 seconds. Physical mea-
ning of this is, wheel collides an object on the floor after
4.5 seconds and goes over that objects for 0.5 seconds.
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Then we observed the resultant torque from the damping
model and proposed reaction torque observer and results
are shown in Fig. 12. Fig. 13 clarifies that there is a torque
riffle when colliding and releasing an object. Variation of
passive joint angle is shown in Fig. 14 and variation of
COG positions are shown in Fig. 15 and Fig. 16. Simulation
results are proved that the proposed controller is strong
enough to stabilize the system quickly.

<simulation result>

20 F ) !
Estimated reaction torque

Torque from the damping model

1
i
il
\“‘w‘

,

|

Il
|
‘\

Torque[Nm]

-20

Time[s]

Fig. 12. Torques from the environment.

<simulation result>

100 T T T
Motor torque

1

Torque[Nm]
o

-50 |

-100
0 1 2 3 4 5 6 7 8

Timel[s]

Fig. 13. Wheel motor torque.

<simulation result>

x command of COG

Angle[Degree]

N Nr——
|
05 [V “
0 i‘w“ H
| “
05 [ ‘
. h
15 -
0 1 2 3 4 5 6 7 8 ]

x[m]

Fig. 14. Angle of passive joint.

B. Experiment

An experiment was conducted to check the validity of
the proposed method using the two-wheel mobile mani-
pulator, which is shown in Fig. 1. Before the experiment
itself, a constant velocity test was carried out to estimate
the reaction torque. Reaction torque was estimated by
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utilizing disturbance torque, which is measured through
the disturbance observer. According to the definition,
terms of gravity and friction effect should be removed
from disturbance torque to calculate the reaction torque.
By performing several constant velocity tests, the gravity
and friction effect can be estimated [12]. Therefore,
a constant velocity test was carried out for the wheel
motors. Equation (54) shows the equation of friction
effect. In this case the gravity effect is relatively small.

¢(0.0, F+Dg=0.96— 13.6q}

¢)0.0, F+Dg=0.96-13.6¢ (54)

Thereafter, the experiment was carried out in an envi-
ronment with an irregular floor. Since the laboratory floor
is a smooth surface, it was made rough by laying floor
carpets as shown in Fig. 17.

<simulation result>

T T T
x command of COG
0.028 [ | x response of COG

0026 [ ‘
0.024 | I M I

0.022 L"\ | |
A |

Gx[m]

0.016 [

0.014 M

|
0012

0.01

Timels]
Fig. 15. X position of the pendulum.

<simulation result>

0.207

z command of COG
z response of COG

0.206 |

\
0205 w
0204 1

0.203

Gzlm]

0.202 "

0201

02 frf

0.1989

0.198

Time[s]

Fig. 16. Z position of the pendulum.

Fig. 17. Experiment set up.
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Initially the robot was moved on a straight-line trajec-
tory without the proposed environmental interaction
method. It failed to deal with this successfully. The-
reafter, the proposed compliance control based PD con-
troller was applied to the robot wheels and the experi-
ment was repeated for same trajectory. The robot moved
successfully over the rough floor this time and the data
was collected. Robot details are shown in Table 6 and
experimental parameters are given in Table 7 with the
descriptions.

Table 6. Robot parameter used in experiment.

Description
Mass of a wheel |8.5
Mass of the body | 13.0
Mass of the link 1 1.06
Mass of the link 2| 0.84
Mass of the link 3/ 0.5

Mass kg | Description Lengthm
Radius 0.2
Length of the link 0| 0.125
Length of the link 1| 0.2
Length of the link 2| 0.2
Length of the link 3| 0.18

Table 7. Experimental parameter.

Symbol | Value | Symbol | Value | Symbol | Value
K, | 9000 | K, 60.0 | K, | 900.0

K, | 600 | K, | 105 | K, | 27.2
g, | 300 | g, 60.0 | g.. | 30.0
) 5.0 Com 1.0 C,. |0.00005

env env

In our experimental work without the proposed me-
thod only the conventional PD control was used for wheel
control. Then we applied the controller modified using
compliance control. The two-wheel mobile manipulator is
a self-balancing robot, which does not have any suppor-
tive wheels or castors. Therefore it is likely to become uns-
table even when submitted to small disturbances from the
environment. Therefore we used two floor carpets, which
were not very thick. With only conventional PD control,
the robot failed to get over the carpets. However with the
modified controller the experiment succeeded and the
robot was able to move over carpets.

The inclination angle of the body is depicted by Fig.
18. When the robot passed over the step on the floor, the
inclination angle increased slightly. However, after pas-
sing the barrier, our proposed controller reduced the in-
clination angle variation back to its normal.

<Inclination Angle>

Inglination Angle

angle[deg]

t[s]

Fig. 18. Inclination angle (passive joint).

Fig. 19 depicts torque variation of the wheel motor.
It is clear that torque has been increased at the barriers.
However, the controller was strong enough to stabilize
the motor torque. Fig. 20 shows the position variation of
the two-wheel mobile robot over time. Until body balance
was achieved, the robot did not move forward. After
achieving the balancing of the body, the robot started to
move forward. While moving, it went over the carpets that
had been laid.

<Motor Torque>

Motor torque

Torque[N/m]

t[s]
Fig. 19. Reaction torque from environment.

<Pasition Response>

Position Response of right wheel

Position[m]

t[s]
Fig. 20. Position response of robot.

<COG Positions>

Xcommand ===~

X position

Distance[m]

-0.02

Fig. 21. x position of COG.

Fig. 21 and Fig. 22 illustrate the COG positions of the
virtual inverted pendulum. Dot lines are the command
values in both cases. COG response shows a small amount
of variation when going over the floor barrier. However, it
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becomes stable very quickly and this proves the effective-
ness of the proposed controller.

<COG Positions>

Zcommand T—TT T

024 [ Z position

Distance[m]

t[s]

Fig. 22. z position of COG.

7. Conclusion

In this paper, a robust wheel controller for rough ter-
rain has been proposed using a reaction torque observer.
The two-wheeled mobile manipulator should be stable in
the face of external disturbance coming from the environ-
ment. A control system, which can handle the environ-
mental disturbances, was developed using reaction torque
feedback and compliance control. First, simulation was
implemented to check the validity of proposed method.
Then, an experiment was conducted to check the validity
of the proposed method. In the experiment, with the pro-
posed method the mobile manipulator could run over the
barriers, which were laid, on the floor. Without the propo-
sed method, the system became unstable when confron-
ted with the barrier. Therefore the effectiveness of the
proposed method is justified.
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