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Abstract—Robots are expected to expand their range of ac- Holonic architecture[4] is an interesting concept that allows
tivities to human enwronment. Robots in human environment reconﬁgura’[ion of a |arge control System in manufacturing
need redundancy for environmental adaptation. Furthermore, — onyironments. Artificial intelligence is often introduced to

they have to automatically modify their controllers in response . .
to varying conditions of the environment. Therefore, the authors solve the design problem of these methods. Decentralized

have proposed a method to design a hyper-DOF control System Contl’Ol iS aISO utilized for fault tolerant SyStemS[5]. More
efficiently. The method decouples a large control system into explicit and simple framework in view of controller design is
small independent components so-called function. Motion of the desired although the methods for decentralized control systems
entire control system is expressed as superposition of multiple are interesting as concepts.

functions. Combination of some functions realizes many patterns et . -

of motion. Hence various motions are realized with much smaller Decomposition block control[6] is qne of the efficient so_lu-

efforts on controller design. Additionally, the controller design is  tions. It transforms a control system into BCD-form and sim-

explicit since a controller and a function corresponds directly.  plifies the design problem. Arimoto and Nguyen showed that
_This study expands the method to multi-DOF robots in three- overall control input can be designed by linear superposition of

dimensional space since the conventional method was limited to 4| signals under the condition of unique stationary resolution

a multi-robot system in one-dimensional space. A new problem o . .
of interference among function-based systems occurs along with of the controlled position variables[7]. Okada, Tatani and

the expansion. Disturbance observer is applied on each actuator Nakamura proposed a method to symbolize the robot motion
to eliminate the interference. Procedures of controller design based on the singular value decomposition[8]. Lee and Li
under varying conditions are also shown. The proposed method is presented a decoupled design method that makes a bilateral
applied to a grasping manipulator with 18DOF. Its experimental  ontro| system behave as a common passive rigid mechanical
results show validity of the method. body[9]. Control methods that apply the idea of modal decom-
Index Terms—fault tolerance, decentralized control, distur- position have been recently developed[10], [11], [12]. Modal
bance observer, acceleration control, motion control, mechatron- decomposition is a way to decompose a control system into
1cs multiple subsystems based on modal information. The word
“mode” in these studies denotes essential information for the
|. INTRODUCTION control system. For example, the study in [10] extracts two en-

Ability of i irol h v i d due t vironmental modes: inclination and heaving modes. Note that
ity ot motion control has recently improved Gue 10y,q onyironment may have infinite modes due to its diversity.
development of mechatronics technology. From now on, m

i trol ¢ h bots. electri hicl d Biped locomotion on rough terrain was achieved by a hybrid
lon control systems such as robots, electric vehicles an trol system decoupled to heaving and inclination modes
on are expected to expand their applicable scope to hu

) ¢ Robots in h . ¢ 4 redund trollers since the two modes are information essential for
environment. RODOLS In human environment need redunda Ca/aptation to environment. Tsuji, Nishi and Ohnishi extended

for adaptation. Furthermore, they are often required to exec%% idea of environmental modes to function modes, which cor-
Pé'sponds to other general tasks[13], [14]. Onal Satiano\d

q?ﬁplemented a sensitive bilateral control using sliding mode
aéontrol based on function modes[15]. Function modes provide

It is therefore necessary to solve a design problem of lar
scale systems with a complicated task.

Decentralized control is a promising method for large-sc £ unified design method that deals with both task variation

systems. It is preeminent in many features such as flexib nd exception handling. Although controller design becomes

1y, f_ault tolgrange, expandability, and rapid response. Ma."éYmpIe and explicit with the framework, the study was limited
studies applied it to robot control systems. Among them, i

. . X 0 one-dimensional space. This paper therefore extends the
teresting concepts such as subsumption architecture[1], m

amework for robots in three-dimensional space. The largest
agent system[2] and cell structure[3] have been proposgQuhiem here is dynamical interaction between decoupled

T. Tsuji was with the Department of System Design Engineering, Kei10des. Disturbance observer(DOB)[16] is applied to cancel
University, 3-14-1 Hiyoshi, Kohoku-ku, Yokohama, Japan. He is now witthe dynamical interference and assure independence of each
the Department of Electrical and Electronic Systems, Saitama University, 2flﬁlction mode. An extended form of function-based controller
Shimo-ohkubo, Sakura-ku, Saitama, Japan. (E-ma|I.tsuu@ees.saltama-u.acJg . . .

K. Ohnishi is with the Department of System Design Engineerd ign is also described.
ing, Keio University, 3-14-1 Hiyoshi, Kohoku-ku, Yokohama, Japan. (E- This paper is organized as follows. Section Il describes the
mail:ohnishi@sd keio.ac.jp) , __hasic idea of functionality and extend it to three-dimensional

A. Sabanow is with the Mechatronics Program, Faculty of Engineering and . . .

Natural Sciences, Sabanci University, Orhanli, Tuzla, 34956 Istanbul, Turk&yStems. Section 1l shows a design flow of function-based
(E-mail:asif@sabanciuniv.edu) controller design and describes the way of configurating the



controller. Section IV shows an example of a control system grasping mode

for a parallel link manipulator. Section V shows its experi-
mental result. Section VI is the conclusion of this paper. robot A robot B

moving mode
II. FUNCTION BASED CONTROLLERDESIGN

A. Concept of functionality a) Simple example

In this study, a complicated control system is decoupled into  Function coordinate space  Function coordinate space
small independent components based on modal information X, :[XMV XGR] X; :[xPL XGR]
named function mode. Function mode is an idea proposed 1 0 0 1
in [13]. Each function mode corresponds to a simple motion

. ) . 11 0 1

named function. Fig. 1a) shows one of the examples of mobile | x; =Tx,,T = L ’ } X, =Tx,,T = L _J
robots in one-dimensional space. In order to convey a load,
robot A and B have to move the load after they grasp it. Entire ) _ ) i) ) i)
motion of robot A and B can be decoupled to simplified motion ~ Robot coordinate space Robot coordinate space
of grasping and moving. These simple motions decoupled from ~ Xr = [Xa ] X =[Xa %]

a complicated motion are called function. Function mode is
modal information that represents a function. Function mode is
easily derived through a matrik as shown in Fig. 1b). Here,

z4 and zp denote position of robot A and B respectivelyrig 1. Function mode in one dimensional space
rar andzx v denote function mode of grasping and moving
functions. Moving function is realized by a position controller
on function moder . On the other hand, grasping function
is realized by a force controller on mode; . If the system

b) Transformation to function c) When exception occurred
coordinate space

Robot | Function
coordinatespace) coordinate space

. - O .
has limited range of movement or velocity, exception handling| X, %, f | coordnate Iy X fr X Xom Fema
" - e s . Multi robot system| | transformation
such as posmon limit and velocity limit can be implemented as| " ihbos [ T or
a function. Fig. 1c) shows an example when robot B comes to direct kinematics
position limit. Here,zpy, denotes function mode of position P s
limit. Position controller is applied ompy, equal toxg in TrL Coordinate |
this situation, so that robot B does not exceed the position transformation |~ Function-based

Controllers
M. T

limit. Although moving function is halted then, grasping
function is sustained under exception. The examples show that ~
flexibility of controller design is enhanced by manipulating thgig_ 5
combination of functions.

Assuming that functions are independent to each other, mo-
tion of the entire control system is represented as superposition
of these functions. This property is named "functionality©€- Coordinate transformation based on function
in this study. Combination of some functions realizes many The controller design based on functionality needs coordi-
patterns of motion. Hence various motions are realized witfate transformation. Motor information should be transformed
much smaller efforts on controller design. Furthermore, theto modal information, which corresponds to functions such
controller design is explicit since a controller and a functioas “moving function” and “grasping function”. This subsection
corresponds directly. describes an extended form of the coordinate transformation.

The entire block diagram is shown in Fig. 2. There exist many kinds of functions for tasks, exception
handling, and so on. These functions require various kinds of
information such as arm tip position, motor angles and other
modal information. Multi-layered transformation is therefore

The originality of function-based controller design is tGntroduced. An outline of the transformation is shown in Fig. 4.
design each controller as a detachable component. It is similafrhe coordinate transformation introduced in [14] is to derive
to design of peripheral equipment for PC as shown in Fig. finction coordinate space from workspace information of

Many kinds of function-based controllers are designed &hch robot. Note that workspace of a one-dimensional robot
advance like peripheral equipment. Among them, requisite

functions are exerted depending on the varying system role.
Great patterns of tasks are realized with such a framework.
Furthermore, the design is still simple and explicit. In sum,
this framework is useful for control of robots adaptive to
complicated environments since it solves the issues of task
variation and exception handling of complicated systems[lﬂdg. 3. Design as detachable component

Block diagram of function-based control system

B. Advantage of function-based controller design




corresponds to its joint space. A Jacobian matrix is known for fr, = 'T,°T,"T, (7)

transformation from joint space to workspace. Additionallyrhe subscrit- denotes real motor coordinate space while
transformation from real motor coordinate space to virtug| bt P

u . . .
. . . ﬁqe subscript denotes virtual motor coordinate space for the
motor coordinate space of sum and differential motor

S ) s . o T
introduced for a twin drive system. The mechanism of thg\évm drive system?T',, is a transformation matrix similar to a

; . . . . . acobian matrix. It transforms virtual motor coordinate space
twin drive system is described in the Appendix. } . . :
. }o arm coordinate spacéT', is a transformation matrix from
Several coordinate spaces are transformed through transior- . . .
. . . . real motor coordinate space to virtual motor coordinate space.
mation matrices! T',., a transformation matrix from real motor,, M M » Mo M
T, €R and’T, € R .

coordinate space to function coordinate space, is derived by, : o . . L
N . T, is a specific transformation matrix only for a twin drive
multiplying the matrices between each space.

, . ; ; system. It is a unit matrixI for other systems. In a one-
At first, function coordinate space is transformed from arny : . . )

. . dimensional system, the Jacobian mattik, is also a unit
coordinate space (i.e. workspace of each robot) as follows:

matrix I.
x; = T.x, (1) T, can be explained as an extended Jacobian matrix. It is
iy = T &, ) exte_nded for a twln-c!rlve system and cooperatlv_e work of a
e o I g 3 multll—robot syste.m. I_t |s_therefore called “coopera’gve Jacqb|an
Zy +a%a () matrix. T, which is simply named “transformation matrix”
fr = 'Taf, (4) in [14], is called “function matrix” for distinction.
T, = [Ta1,Taz, - Tam] Control inputu; is derived from controllers on function

Fo = [fursFugeeorf ]T coordinate space. Herey; is in acceleration dimension.
o al>Jda2> - Jaml - Torque input in real motor coordinate is derived from (8).
. 3 i it .
Here,a;az € R’ and it d?()anotes_ position of an end effector S MnfTiuf ®8)
on theith robot. f,, € R’ and it denotes external force on
. . . fpt — (fTT fr )—1 frT
the end effector. The subscriftdenotes function coordinate r r oA r
spgcx:%and the subscriptienotes arm coordinate spat, € Here, M, ¢ RM*M . M, is a nominal inertia matrix of
R, mis total number of robots)/ is total DOF of robots, ropots. The condition for deriving torque input is
and N is total DOF of functions.

fT, corresponds to the transformation matrix in [14]. In rank(M, ' T}) = M. 9)
most cases, it is composed df0 and —1 to derive modal  Therefore, if any of functions are dependent on each other,
information of related arm tip variables. a new function should be added. On the other hand, if

As shown from (1) to (4), position, velocity, acceleration., (A1, /T+) > M, one of the functions with the lowest
and external force are all transformed B¥,. Position of priority should be halted.

arm tip is calculated by direct kinematics based on a real
motor response. Force on arm tip is measured by reacti
force observer (RFOB)[18] in this study while the proposed’™ o . ]
method is also applicable for robots with force sensors. Then,|tiS t0 be anticipated from the name of cooperative Jacobian
position and force information for function-based controllghatrix that the coordinate transformation is for kinematics of a
are derived from (1) and (4), respectively. Velocity and accé_grge-scale system. Virtual dynamics in a function coordinate

eration information on function coordinates are derived froffitérferes with each other, contrary to the method proposed
a real motor response by (5) and (6). in [14]. The interference occurs due to the generalization to

three-dimensional systems.
Ty = T, (%) DOB is applied to all of real motors in this method to cancel
& = fr. ., (6) the interference. Fig. 5 shows a block diagram of DOB. DOB
estimates and compensates disturbance on the control system.
(10) shows the estimated disturbance value.

Qh Dynamics in function coordinate space

Function coordinate space Function coordinate space G G
111111 t11111 fae = —Cdis <Kmfgef—vjnws> (10)
T, s+ Gais 5+ Gy
1313111 Since the estimated disturbance value is proportional to ac-
Ar? ?Og'n%teis"afe celeration value, DOB achieves acceleration control. It is
T, T =T AT T well known that the plant works as a nominal system when
T T T T TT b acceleration control is acquired[16]. Hence inputs from posi-
Virtual motor coordinate space tion/force controller based on functions are superposed without
11111 ¢ any interference in the control frequency range lower than the
T, | cutoff frequency of DOB. Multirate control with a short sensor
ITTITTT B A A sampling rate[19] is a good candidate to heighten the cutoff

Real motor coordinate space  Real motor coordinate space - . . . .
P P frequency. Modal decomposition in acceleration dimension

provides explicit controller design. In this point of view, this

Fig. 4. Outline of coordinate transformation -
method has an advantage over other decomposition methods.



I1l. CONFIGURATION OF FUNCTIONBASED CONTROL IT, is described as follows:
SYSTEM

A. Procedures of controller design ; v _ _
A design flow of function-based control system is shown i tri € R, it e>_<tracts the coordinate of thin function. It -
a&notes a function mode and depends on the characteristics

fTr = [ ft77:17 ft?Qa T ftTTN ]T . (11)

Fig. 6. Firstly, the system role is determined by a designer he f ion. : des f ki . derived
the control system. Secondly, the designer divides the syst8 & function. Function modes for task functions are derive
at once from (7).

role into functions. Thirdly, a priority order of functions is& on th her hand ; limit f ) hich
determined. Important functions should be secured even if the2" (he other hand, performance-limit functions, which are

number of active functions alters. Then, the transformati@rﬂ'vated .|n a special case also have t.he_|r func.tlon modes.
matrix /T, is derived. The number of functions is modified sg "¢ function mode of the performance-limit function should

that rank ofM,, / T, agrees with total DOF of robots/. Oth- %e derived individually when the function is activated. The

erwise, (9) is unsatisfied. Finally, function-based controllergnCtlon mode of the'performance-llmn fur)ctlon IS de'rlve.d
are designed individually. from various ways since performance-limits may exist in

each layer of the multi-layered coordinate transformation. For
example, a function mode of a velocity-limit function on the
B. Reconfiguration for alteration of system role kth real motor is derived as follows:

When the system role alters, combination of functions and o=ty ta oy tar ]
its transformation matrix should be modified. At first, new rnPL = L M 02 M
combination of task functions should be given by the designer. { ti=1 (i=k) (12)
Here, a task function is a function to acquire the system role ti =0 (otherwise).

while a performance-limit function is a function to deal witr’Here 't p; denotes a function mode of a performance-limit
. . . ’ T,
an exception. In the next place, the transformation matf¥nction.

should be modified along with the functions. Majority of task  p position-limit function for avoidance of a singular point is
functions control relative position or relative force betweeghown as another example of a performance-limit function. A

arm tips. In ;his study; T', denotes the relation between armgint angle of the twin drive system corresponds to a response
tips. In sum,”T', should be modified in a similar way in [14]\51ye of a virtual differential motor. Hence a singular point

by modifying T" when the system role alters. is avoided by setting a position-limit on the virtual motor. A
function mode of the position-limit function for thigh virtual
C. Reconfiguration for exception handling motor is derived as follows:
Reconfiguration for exception handling is more difficult Tty pr =" o (13)
compared to that for alteration of the system role. There are -
three reasons: where,"T, = [ vtl,, “tl,, ---, "ty | .When thekth
. exceptions occur all of a sudden; virtual motor response extracted BY',. p;, exceeds its limit,
« the control system should choose the combination 8fPOsition controller is implemented to the function mode to
functions autonomously; and keep within the limit value.

« not only /T, but also®T, or *T, should be modified A function mode of a position-limit function on an arm tip
since performance-limit functions that deal with exceg$ derived as follows:

tions are often based on a real motor output or a virtual ftr,PL — (14)
motor output. r
. . L. T T T H
A method to modify a transformation matrix is introduceqvhere,*T, = [y, ¢, -, “t[y ]".In this case,
below. it is assumed that the position limit is set for thiéh element
of x,.
A procedure for exception handling is as follows:
. [ref Tl
Q| J, | 1 N l— 1 a
_’ »
Km v { Decide system role of entire system ]

[ Divide system role into functions J

[ Decide order of priority ] Exception occurs

[ Configure transformation matrix ]

[ Add/reduce functions ]

{ Figure out rank of transformation matrix ]
rank('T,)# M rank('T) =M

{ Design controller on each function coordinate }

Fig. 5. Disturbance Observer Fig. 6. Flow of controller design



external force. In Step 3, the object moves in compliance with
external force only in the pitching mode while it is grasped.
The position of the object is kept constant at that time. In
Step 4, it moves only in the up-down mode while its attitude
is kept constant and it is grasped. Task functions for acquiring
the system roles in Step 1 to Step 4 are shown in Table I. The
overview of the coordinate transformation is shown in Fig. 9.

TABLE |
FUNCTIONS FOR PARALLEL LINK MANIPULATORS

Step 1 Step2 | Step 3| Step 4

Based ond
Mode 1(Grasping)] SC(1) | GR (1) | GR (1) | GR (1)
Fig. 7. Parallel link manipulators Mode 2 RC(2) | RC(2) | RC(2) | RC(2)
Mode 3 RC(3) | RC(3) | RC (3) | RC (3)
Based orp
Mode 1(Rolling) | RC (9) | RC (9) | RC (9) | RC (9)
1) keep observing variables for detecting exceptions; Mode 2 RC (8) | RC(8) | RC(8) | RC (8)
2) select a relevant performance-limit function when ong Mode 3 RC(7) | RC(7) | RC (7) | RC(7)
of the variables exceeds its limit; Based onz
3) derive/t, ., a function mode of the performance-limit mggg %Egﬁcﬂ?r‘]’g)‘) Sg Egg Sg ggg gg ((56)) gg ((?5))
function; Mode 3(Yawing) | RC (4) | RC (4) | RC (4) | RC (4)
4) derive/ t ... the function mode of the lowest-priority ["Based on virtual
function; sum motors
5) derive /T, pr, the new transformation matrix for per- | Mode 1 VC (10) | VC (10) | VC(10) | VC(10)
formance limit, by substitutind¢, ., to /¢, in/T,; : : : : ;
6) if rank(M, 'T, p1) # M, select the function with the | mode 9 VC (18) | VC (18) | VC(18) | VC(18)
next-lowest priority, derive its function mode, ., and
go to 5. '
7) implement a function-based controller on each function Here, RC, SC, VC, and GR denote functions of rigid
coordinate coupling, spring coupling, velocity control, and grasping,
respectively. Numbers in parentheses denote the priority order
IV. FUNCTION-BASED CONTROLLER DESIGN EOR in task functions. The grasping function has higher priority
COOPERATIVE GRASPING MOTION to secure the object. Velocity control functions on sum motor

A | ; liel link ioul is sh _coordinates keep velocity of virtual sum motors constant to
hi cont_ro system or ||3ara € Im ]Enar;lpu a_ltorsb|s S down Ntancel static friction. The velocity control functions therefore
this section as a typical example of a function-based syste, e ower priority since outputs of the functions have rela-

A picture of mar}lpr:JIators 'S” s|r|1_0\|/(vn n F'?' 7. Th?\ ;gg?ively small effects on the operation. The priority order of other
system consists of three paralle INK manipu ators wit ! ask functions is given arbitrarily. Performance-limit functions
There are 6 motors on each manipulator since the manipulator

consists of twin drive systems. The details of the manipulators
are shown in [20].

Three manipulators are fixed with orientation difference of
120 degrees respectively. Absolute position of the arm tip is
presented by cylindrical coordinates as shown in (15).

Toi = diy 0, 2z |" (15)

whered denotes distance from the z-axis based on the center of
three manipulators; denotes up-down position, aficdenotes a) Step 1 a) Step 2

rotation angle in a horizontal plane.
This study verifies the validity of the proposed method by an
experiment of a human support operation with task variation.
The operation is composed of 4 steps as illustrated in Fig. 8.
Each step is described below. ‘ |

Firstly in Step 1, the arm tips of the three manipulators move “‘\c /
in compliance with external force only in the grasping mode, a J
mode that denotes sum @f;,dp anddo. Step 2 starts after the
operator inserts a cylindrical object between the three arm tips.

In Step 2, the object is cooperatively grasped by the three anms g
while position and attitude of the object is kept constant under

c) Step 3 d) Step 4

lllustration of human support operation



Velodity DD Grasping cooming || couing second and the third rows &, and Ty are to derive the
controller] | controller difference value of the Arm A and others. The second and the

| ! tTd ! || T, | T third rows of T', extract pitching and yawing motion of the
f . I object, respectively.
Position & arm 5 | oT', in this study is as follows:
(d,6,2) [ aT, ,
-- v
aTU = aTUB (21)
L aT’UC
‘ Sum motor ‘ ‘ Differential motor ‘ T 7
I 123 123 I ArmB ArmC “Toa = 3 J (22)
S0 ! A
H H H [ 1 |
| . |l .| .| ap s = 3 (23)
{ { ! | ! ! J
‘MotorHMotorHMotorHMotorHMotorHMotor‘ - -
12 3[4 5] 86 . I;
................................... ArmA TvC = JC . (24)
Fig. 9. Overview of entire coordinate transformation Here, J 4, Jp and Jc denote Jacobian matrices for arm A,

B and C, respectively.
T, in this study is as follows:

exist in addition to the task functions. Priority of performance- “Tra
limit functions is set higher than that of task functions so that ‘T, = ‘Tp (25)
they are compulsively activated when exceptions occur. ‘Tc
The function matrix/ T, for such functions is given as ‘Tra = "Tip="T.c
follows: H,
I9 = vSr H2 (26)
g Ta s 16 e
Ta o Tg Pa ( ) UST = [31783785732784786]T (27)
Tz s; = [ S1, S2, -+, Sg }
; si=1 (i=}5)
S. = [s1,82,83,87,8s, 89, 813, 814, 815, s; =0 (otherwise)
84,810, S16, S5, S11, 817 86 812, 818] " (17) H, - [ 1 1 } 28)
sj = [ S1, S2, -, S18 ] 1 -1
si=1 (i=14) where,”S,. is a permutation matrix to change an order of
s; =0 (otherwise). variables from real motors to virtual motorEl, is a second-
order Hadamard matrix.
T1 1 1 Block diagrams of function-based controllers are shown in
T, = 1 -1 0 (18) Fig. 10. Each function consists of a simple position/force
1 0 -1 controller.
(1 1 1 ]
T, = 1 -1 0 (19) V. EXPERIMENT
1 0 =1 Experimental results are shown in this section. Table I
- 1 1 1 : shows control gains in the experiment. Figs. 11 and 12 show
T — 1 -1 0 (20) responses i coordinate and irr coordinate, respectively.
: 1 -1 9 When the operator maneuvered the Arm A in Step 1,

- - all three manipulators moved only in grasping mode and
where, 7S, is a permutation matrix to change an order ciccomplished open-close motion. Force responses of Arm A
variables from an arm-based order to a function-based ordérctuated due to the operator’s force.

I,,, annth order unit matrix, corresponds to virtual sum motor An object was grasped in Step 2 after the operator inserted
coordinatesT'; denotes a function matrix i coordinates the object. Then, force responses in grasping mode was about
while Ty andT', denote that irf andz coordinates. The first, 13 N on average. The average is the grasping force. Grasping
second and third rows dI'; extract function modes namedmotion was retained while combination of functions was
Mode 1, Mode 2 and Mode 3, respectively. Modes extracted biganged in later steps. Force responses in grasping mode
Ty andT, are also named in the same way. Mode 1 is sum fifictuated as the operator maneuvered the object. As indicated
three manipulators’ responses. Mode X afordinate denotes by the result, the condition to retain the grasping motion is to
grasping motion while that o coordinate denotes rolling keep the external force smaller than the grasping force. Force
motion and that of coordinate denotes up-down motion. Theesponses in up-down mode show that about -3 N on average
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APPENDIX
©) Spring coupling controller ) Grasping controller This section briefly describes a mechanism of a twin drive

system[17]. Fig. 13 shows a schematic diagram of the twin
Fig. 10. Block diagram of functions drive system. The twin drive system is composed of a differ-

ential mechanism with two motors. Hergéz and 6; denote

the angle of motor R and motor L, respectively. Sum and

) ) ) ) . difference of these two angles represent angles of a virtual
was acting on the manipulators. Since the object weighefl motor and a virtual differential motor. These two virtual

330 g, it seems that the average shows gravity force of higyqrs could be treated as two systems with independent
object. coordinatesf_, the differential motor coordinate, appears as

The object was tilted in the pitching mode in Step 3 whegyation of the joint. On the other hand, sum motor coordinate
the operator applied force in thedirection. On the other hand, 6. do not affect the joint response. The velocity in sum motor

the object went up and down in Step 4 when the operaighordinated, is controlled to hold a certain value to cancel
applied force in the same direction. Position responses it effect of static friction on real motors.

Mode 1 inz coordinate was almost constant during Steps 1 to

3 while it varied relative to force response of Arm A during REFERENCES
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