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57 ABSTRACT

A system for controlling a flexible joint robot includes a
control input dimension conversion part configured to
receive a control input of a robot and convert the Cartesian
coordinate system of the control input to the rotating work-
space coordinate system; an entire flexible joint robot
dynamics part configured to receive the control input and a
disturbance and output a control output by multiplying the
control input reflecting the disturbance by at least one
determinant; and a disturbance observer configured to reflect
the estimated disturbance in the control input by calculating
an estimated disturbance obtained by estimating the distur-
bance, wherein the disturbance observer includes a mutual
reaction force removal part including a determinant for
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removing mutual reaction force between joints of the robot;
a low-pass filter; and an estimated-disturbance dimension
conversion part.
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ROBUST POSITION CONTROL SYSTEM OF
FLEXIBLE JOINT ROBOTS

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a National Stage Entry of PCT Inter-
national Application No. PCT/KR2022/002067, which was
filed on Feb. 11, 2022, and which claims priority to Korean
Patent Application No. 10-2021-0032516, filed on Mar. 12,
2021 in the Korean Intellectual Property Office, the disclo-
sure of which is incorporated herein by reference.

TECHNICAL FIELD

The present invention relates to a control system for a
flexible joint robot, and more specifically, based on a non-
linear disturbance observer, it provides constant perfor-
mance regardless of internal disturbance according to the
robot’s movement and external disturbance from the outside
of the robot, and moves the robot through singularity
removal.

BACKGROUND ART

As robot technology develops rapidly, the use of robots is
expanding in various fields of society. A high-speed robot is
required for rapid work in automated production, and a
lightweight and flexible robot has been required in terms of
economic efficiency.

In particular, robots with flexible joints, such as collab-
orative robots, rescue robots, and rehabilitation robots, have
been developed a lot to enable natural interaction with
environments.

A robust controller based on a disturbance observer has
been used to use a flexible joint robot robustly and appro-
priately for the purpose, and, in the case of existing distur-
bance observer based on a linear system, the performance
thereof varies according to robot movements, so a controller
had to be conservatively designed within a limit in which
stability is guaranteed. Due to such a conservative controller
design, there has been a limitation in improving the perfor-
mance of the robot.

In addition, when a robot is controlled in a workspace, the
robot diverges at a singularity. Since existing linear distur-
bance observers have to be designed to avoid such a singu-
larity, a range in which a robot can move is limited, which
causes a problem in that diversity, performance, and effi-
ciency of tasks performed by the robot are reduced.

DISCLOSURE
Technical Problem

Therefore, the present invention has been made in view of
the above problems, and it is one object of the present
invention to provide a nonlinear disturbance observer-based
robust position control system capable of preventing a
change in controller performance according to robot move-
ments by considering a parameter change according to a
change in a robot posture in a flexible joint robot

It is another object of the present invention to provide a
system for controlling a flexible joint robot which is capable
of providing improved position control robustness and con-
troller performance for a flexible robot by estimating and
removing a reaction force between links of a robot.
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It is yet another object of the present invention to provide
a system for controlling a flexible joint robot which does not
limit robot movements in a workspace by interpreting after
converting from the Cartesian coordinate system (x-y) to the
rotating workspace coordinate system (r—6,) to remove the
singularities of a robot.

Technical Solution

In accordance with an aspect of the present invention, the
above and other objects can be accomplished by the provi-
sion of a system for controlling a flexible joint robot,
including: a control input dimension conversion part con-
figured to receive a control input of a robot and convert the
Cartesian coordinate system of the control input to the
rotating workspace coordinate system; an entire flexible
joint robot dynamics part configured to receive the control
input and a disturbance and output a control output by
multiplying the control input reflecting the disturbance by at
least one determinant; and a disturbance observer configured
to reflect the estimated disturbance in the control input by
calculating an estimated disturbance obtained by estimating
the disturbance, wherein the disturbance observer includes a
mutual reaction force removal part including a determinant
for removing mutual reaction force between joints of the
robot; a low-pass filter; and an estimated-disturbance dimen-
sion conversion part.

In addition, the robot may include a first link rotatably
coupled to an installation surface in horizontal and vertical
directions; and a second link rotatably coupled to the first
link, wherein the first and second links are connected to each
other by a flexible joint.

In addition, the control input dimension conversion part

may include a Jacobian transposed matrix (J;7) configured
to determine a relationship between a determinant for force

(£ A7)

acting on an end effector in a rotary coordinate system and
a determinant for a torque (t,,) acting on a single joint link
of a first link and a torque (t,) acting on two joint links
acting simultaneously on two links.

In addition, the Jacobian transposed matrix (J,7) may be

—lsinﬂ lcosq—2

lsin2 Icos &
2 2
2 2

wherein 1 represents each of a length of the first link and a
length of the second link, and q, represents a relative angle
size of the second link relative to the first link, the length of
the first link being a same as the length of the second link.

In addition, a determinant by the entire flexible joint robot
dynamics part may vary according to movement of the
robot.

In addition, when a determinant by the entire flexible joint
robot dynamics part is A, an inverse matrix (A¥) of A may
be calculated according to Equation 1 below:
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Ji JR
1 sin; sm;
AR = (IR = =
22| JR JE
sinﬂ coszq—2
2 2

where J .7 represents a Jacobian transposition matrix rep-
resenting a relationship between a force of a robot link
in rotational coordinates and a robot joint torque in
joint coordinates, J,~' represents a Jacobian inverse
matrix, M represents a nominal matrix for inertia of a
robot link, J,%=J,+m,*+J,—2m,d,l cos q,, J,"=J,+
m, 4] ,+2m,d,] cos q,, J, *=J,—I+

Jf =Ji +malP +J, - 2mydslcos q2,

Jf =J1 + mzlz +J+ zmzdleOS q2, JS =h-J+ mzlz, N

represents an inertia moment for an axis passing through a
center of mass of a first link, J, represents an inertia moment
for an axis passing through a center of mass of a second link,
m, represents the mass of the second link, 1 represents a
length of each of the links, d, represents a distance between
an end of the second link and a center of gravity, and q,
represents an angle of a second link in the Cartesian coor-
dinate system.

In addition, a determinant

(a%)

included in the mutual reaction force removal part may set
at least one matrix value in the inverse matrix (A®) to 0.

In addition, the determinant

(A7)

included in the mutual reaction force removal part may be
calculated according to Equation 2 below:

_11R (Equation 2)
0
292
[Alln 0 ]_ L | sin 2
0 ALl 27 JE
0 92
COSZ—
2

In addition, a determinant

(%)

for the estimated disturbance may be calculated according to
Equation 3 below:

Rq ® (Bquation 1) [ ] [ ] [{ AR [ ]
292 . D2 dy
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(Equation 3)

o 0 2 LT LR D)

where am and ab, which are disturbances observed by a
disturbance observer, respectively represents an
observed disturbance value acting on a first link, which
is one joint, and an observed disturbance value acting

on both first and second joint links, am and ab respec-
tively represent changed values of d,,, and d,, L repre-
sents an observation gain of a disturbance observer, N
represents an actuator gear ratio, §, and g, , respectively
represent angular accelerations of links of a single joint
and both joints, §, and J _, respectively represent
nominal inertia values of motors of first joint actuator
(located at a center of rotation of the first link) and
second joint actuator (located at a connection point of
first and second links), B,,, and B, , respectively rep-
resent nominal damping values of motors of actuators
driving the first link and the second link, 8, and 0,
respectively represent an acceleration and angular
acceleration of the actuator driving the first link, 8, and
0, respectively represent an acceleration and angular
acceleration of the actuator driving the second link, and
T,, and T, are respectively input torques for a single
joint and both joints.
In addition, a determinant

%)

for the estimated disturbance may be calculated according to
Equation 4 below:

R (E] R
ERTN (e A s R

In accordance with another aspect of the present inven-
tion, there is provided a system for controlling a flexible
joint robot, including: a control input dimension conversion
part configured to receive a control input of a robot and
convert the Cartesian coordinate system of the control input
to the rotating workspace coordinate system; an entire
flexible joint robot dynamics part configured to receive the
control input and a disturbance and output a control output
by multiplying the control input reflecting the disturbance by
at least one determinant; and a disturbance observer config-
ured to reflect the estimated disturbance in the control input
by calculating an estimated disturbance obtained by esti-
mating the disturbance, wherein a determinant

2]

Jf N Jf (Equation 4)

—JR IR

—JR+Jf
JE IR
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for an estimated disturbance calculated in the disturbance
observer is expressed as a sum of terms including determi-
nants

I INEE

and a denominator of a coefficient of

[0 =12

does not include O, am and ab, which are disturbances
observed by a disturbance observer, respectively represents
an observed disturbance value acting on a first link, which
is one joint, and an observed disturbance Value acting on

both first and second joint links, d and db respectively
represent changed values of d and db, 4, and §,, respec-
tively represent angular accelerations of links of a single
joint and both joints, 6, and §, respectively represent an
acceleration and angular acceleration of an actuator driving
the first link, éz and éz respectively represent an acceleration
and angular acceleration of the actuator driving the second
link, and 71, and t,, are respectively input torques for a single
joint and both joints.
A determinant

%]

for the estimated disturbance may be calculated according to
Equation 5 below:

Ao -
RN (P A el 4 Rl

where L represents an observation gain of a disturbance
observer, N represents an actuator gear ratio, §, and {;,
respectively represent angular accelerations of links of a
single joint and both joints, J, , and J_, respectively repre-
sent nominal inertia values of motors of first joint actuator
(located at a center of rotation of the first link) and second
joint actuator (located at a connection point of first and
second links), and B, , and B, , respectively represent nomi-
nal damping values of motors of actuators driving the first
link and the second link.

Jl N Jz (Equation 5)

+J2

~JR+ IR
JR IR

Advantageous Effects

In accordance with the present invention having the above
configuration, first, the restriction on the working radius of
a robot is removed due to the elimination of singularity, so
various tasks can be performed without restrictions in vari-
ous fields such as a robot for disaster relief, a robot for
collaboration, and a robot for rehabilitation.
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Second, a robot to which the present invention is applied
can maximize driving efficiency near singularity in the case
of many tasks, and by utilizing this effect, the present
invention can achieve high efficiency in performing tasks of
a robot.

Third, a system for controlling a flexible joint robot
according to the present invention can achieve high perfor-
mance and stability at the same time, unlike existing con-
servative controllers, because its performance is constant
regardless of the posture of a robot.

DESCRIPTION OF DRAWINGS

FIG. 1 is a diagram schematically illustrating a flexible
joint robot to which a control system according to an
embodiment of the present invention is applied.

FIG. 2 illustrates, with regard to the Cartesian coordinate
system and the rotating workspace coordinate system of a
flexible joint robot to which a control system according to an
embodiment of the present invention is applied, a structure
of the flexible joint robot and a structure wherein a motor of
the flexible joint robot is connected to a spring to constitute
a flexible joint.

FIG. 3 is a block diagram schematically illustrating a
system for controlling a flexible joint robot according to an
embodiment of the present invention.

FIG. 4 is a block diagram schematically illustrating an
internal flexible joint robot dynamics part included in a
system for controlling a flexible joint robot according to an
embodiment of the present invention.

BEST MODE

Hereinafter, the present invention will be described in
detail by explaining a preferred embodiment of the invention
with reference to the attached drawings. However, it should
be understood that the spirit and scope of the present
disclosure are not limited to the embodiment and can be
modified by addition, modification, or deletion of elements
constituting the embodiment and such additions, modifica-
tions, and deletions are also within the spirit and scope of the
present disclosure.

FIG. 1 is a diagram schematically illustrating a flexible
joint robot to which a control system according to an
embodiment of the present invention is applied, and with
regard to the Cartesian coordinate system and the rotating
workspace coordinate system of a flexible joint robot to
which a control system according to an embodiment of the
present invention is applied, FIG. 2 illustrates a structure of
the flexible joint robot and a structure wherein a motor of the
flexible joint robot is connected to a spring to constitute a
flexible joint.

Referring to FIGS. 1 and 2, a flexible joint robot 1 to
which the control system according to an embodiment of the
present invention is applied may include a first link 2, a
second link 3 and a control system 10. One end of the first
link 2 may be rotatably installed in horizontal and vertical
directions on an installation surface 4 of a robot 1 and the
other end of the first link 2 may be rotatably coupled with the
second link 3.

The first link 2 and the second link 3 may be rotatably
connected to each other by a flexible joint 5, and the first link
2 and the installation surface 4 may be rotatably connected
to each other by a flexible joint 7.

One end of the second link 3 may be rotatably coupled to
the first link 2, and an end effector 6, which can directly act
on a work target, may be formed at the other end of the
second link 3.
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In FIG. 2, the length of the first link 2 and the length of
the second link 3 are respectively defined as 1, and 1,, q,
represents an angle of the first link 2 in the Cartesian
coordinate syster, i.e., the Cartesian coordinate system, and
q, represents a relative angle size of the second link 3
relative to the first link 2.

0,. which is an angle between the rotating workspace
coordinate system and the Cartesian coordinate system,
represents an angular displacement of the end effector 6
from the Cartesian coordinate system.

When a position of the end effector 6 in the Cartesian
coordinate system is (X, y), a rotational workspace of the end
effector 6 is defined as the rotating workspace coordinate
system according to the following equation using r and 6,:

r= X2+y2

0,=arctan(x,y) <Equation 1>

As the position of the end effector 6 at a reference position
is defined as the rotating workspace coordinate system as
described above, the problem of singularity may be solved.
This will be described below. A motion of the end effector
6 may be defined by a velocity, which is a derivative of a
position of the end effector 6 with respect to time, and a
formula for this is as follows:

iR=r

y’:rér <Equation 2>

In more detail, a relationship between a position of the
end effector 6 and an angle of the two links 2 and 3 in a
rotary coordinate system may be expressed by the following
equation:

<Equation 3>

r= \Uf + l% +2hlheosq

Licos g1 + heos(qy + ‘IZ))

6, = arctan
e (hSin q1 + hsin(g +q2)

Here, assuming that a length (1,) of the first link 2 and a

length (1,) of the second link 3 are identically 1, the following
formula may be obtained:

1 .
r=21 cos% =21 cosz(qlz -q1) <Equation 4>

1 1
0, =q1+=¢g2 = =(q1 +
at o0 2(611 q12)

where q,, represents q,+(,, i.€., an absolute angle of the

second link.

Meanwhile, a relationship between a point where the
flexible joint robot 1 is installed, i.e., an origin point in the
Cartesian coordinate system, and the end effector 6 may be
defined by the Jacobian matrix. The Jacobian matrix is as
follows:

_[~hsingi —Lsin(gi +¢2) ~hsin(g +¢2)
hcosgi +hcos (g1 +q2) Dcos(q+q2)

<Equation 5>
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The Jacobian matrix may be separated as follows:

Jo|sina —Sin(mﬂiz)][h 0][1 0] <Equation 6>

cosqy cos (u+q2) 11O L1 1

In the case of

[+ 1]

among the determinant, a relative angular velocity may be
converted to an absolute angular velocity. An equation
thereof is as follows:

“ ?][gl]z[qlq:qz]z[;lz]

A speed of the end effector 6 in the Cartesian coordinate
system may be converted to a speed in the rotating work-
space coordinate system. A related equation is as follows:

i* _[cose, sin@,][}c]
i | —sinf, cos6, ¥

Here, according to the geometric structure of FIG. 2, 6
may be

<Equation 7>

<Equation 8>
"

[
g1+ 5>

and, assuming that 1,=1,=1, the following equation may be
derived:

4

sin 6, ][ —Ising; —Ising; ][
412

<Equation 9>
cos B, || Icosqi  Icosqiz

i* _ [ cos 6,
R L-sing,
[

Isin2 —rsin22
_ 2 [ =7 5
B 92 9 g, 7"l
10057 10057 412 12

As can be seen in the above equation, a relationship
between absolute angular velocities (§, and §;,) of the first
link 2 and the second link 3 and speeds (x% and y®) of the
end effector 6 in the rotating workspace coordinate system
may be defined a new Jacobian matrix Jj.

Meanwhile, forces (f . fy) at the end effector 6 defined in
the Cartesian coordinate system may be converted to forces

[av]

(£ A7)

of the end effector 6 in the rotating workspace coordinate
system according to the following equation:

cosf, sinf, ] <Equation 10>

= [ —sinf, cos6,

7l

fR
| ;

fyR
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In addition, a torque (T, ) acting on the first link 2, a torque
(t,) acting on the second link 3, a torque (t,,) acting on a
single joint link as only in the first link 2, and a torque (t,)
acting on two joint links which simultaneously act on two
links may be defined by the following determinant. By the
following determinant, the torques (t, and T,) may be
replaced with T, and T, such that they can be analyzed in the
rotary coordinate system:

[o)=lo 15[

Assuming that 1,=1,=1, a relationship between an output
force (f,, f,) and an input torque (t,, and T,) in the end
effector 6 may be defined according to the following equa-
tion:

<Equation 11>

—Ising1 lcosqq ][cos 6,

=)
7, |~ | =Ising;, Icosqy )l siné,

—sinf, fXR <Equation 12>
cos 6, ] fyR

. 42
lw —_—
bll’l2

92
lcos; R R
; ] - Jg ; ]

R R
-1 sinqz—2 lcos% 5 5

Meanwhile, the control system 10 of the flexible joint
robot 1 may derive an acceleration (X%, y*) of the end
effector 6 in the rotating workspace coordinate system as a
control output by using the force (f,, f,) at the end effector
6 defined in the Cartesian coordinate system as a control
input and by controlling the control input by a flexible joint
robot dynamics equation, etc.

In this process, the control system 10 may control the
flexible joint robot 1 by estimating external or internal
disturbances (d_1, d_2) and subtracting them from the
control input. This control system 10 is described in more
detail below.

FIG. 3 is a block diagram schematically illustrating a
system for controlling a flexible joint robot according to an
embodiment of the present invention, and FIG. 4 is a block
diagram schematically illustrating an internal flexible joint
robot dynamics part included in a system for controlling a
flexible joint robot according to an embodiment of the
present invention.

The control system 10 of the flexible joint robot 1
according to an embodiment of the present invention may
include a control input dimension conversion part 11, an
entire flexible joint robot dynamics part 12, a disturbance
observer 13, and an estimated-disturbance reflection part 14.

The control input dimension conversion part 11 may
receive a control input and convert a control input of the
Cartesian coordinate system into the rotating workspace
coordinate system. The control input may be force (f,. f,) at
the end effector 6, and the control input dimension conver-
sion part 11 may converted to a determinant

T
()
for t,, and T, such that the control input can be interpreted
in the rotary coordinate system by the above determinant
containing Equations 10 and 12.
Accordingly, the control input dimension conversion part
11 may include a transposed matrix (J;7) of the Jacobian

matrix which determines a relationship between a determi-
nant for the force

(55 5
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acting on the end effector 6 in the rotary coordinate system
and a determinant for the torque (t,,) acting on a single joint
link of the first link 2 and the torque (t,) acting on two joint
links acting simultaneously on two links.

The entire flexible joint robot dynamics part 12 may
include a first matrix conversion part 121, a disturbance
input part 122, an internal flexible joint robot dynamics part
123, a second matrix conversion part 124, and a dimension
conversion part 125.

The first matrix conversion part 121 multiplies a con-
verted determinant

by a determinant
11
[0 1]
to convert to a determinant
I3t
[Tz ]
The converted
7
[ T2 ]
is added with a disturbance
d
()
introduced from the disturbance input part 122 to form
Tml
[Tml ]
and the
Tml
[Tmz]

is calculated by the following flexible joint robot dynamics
equation in the internal flexible joint robot dynamics part
123:

4 .
Robot: M(q)j = K(F - q) +d, <Equation 13>

Flexible actuator: J,8 + B = 7,y +dy —

where M(q) represents an inertia matrix value of the robot
link, q and § respectively represent an angle and
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angular acceleration of the robot joint, ©, & and 6
respectively represent an angle, angular speed and
angular acceleration of the actuator, J,, and B,,, respec-
tively represent an inertial value and damping value of
an actuator motor, T represents an actuator-applied
value, K represents a stiffness value of the flexible joint,
and N represents an actuator gear ratio.

The determinant calculated by the internal flexible joint

robot dynamics part 123 is multiplied by a determinant

[1 1]

by the second matrix conversion part 124 to derive a
determinant

Lo
il

and the derived

[5a]

is calculated with the Jacobian matrix J, of <Equation 9> by
the dimension conversion part 125 to derive a determinant

for the acceleration (%, §*) of the end effector 6 in the rotary
coordinate system which is a control output.

When a determinant obtained by all of the determinants of
the first matrix conversion part 121 of the entire flexible joint
robot dynamics part 12, the internal flexible joint robot
dynamics part 123, and the second matrix conversion part
124 is A, an inverse matrix (A®) of A is obtained according
to the following equation:

JE JE <Equation 14>
1 1 inzgzz inﬂzz
AR = (U 37 s = — | 8 8
V) g 22| JR JE
4 73
sin 2 cos” 2

where J,” represents the Jacobian transposition matrix
representing a relationship between a force of a robot
link in rotational coordinates and a robot joint torque in
joint coordinates, J;~' represents the Jacobian inverse
matrix, M represents a nominal matrix for inertia of a
robot link,

J{e =J1 + mzlz +J - zmzdleOS q2,
R _ 2 o R _ 2
Jy =J1 +mpl” +Jh + 2madhlcos gz, J,, =01 =S +malt, )
represents an inertia moment for an axis passing through a

center of mass of a first link, J, represents an inertia moment
for an axis passing through a center of mass of a second link,
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m, represents the mass of the second link, 1 represents a
length of each of the links, d, represents a distance between
an end of the second link and a center of gravity, and q,
represents an angle of a second link in an orthogonal
coordinate system.

In Equation 14, as the value q, is included in the com-
ponent of the matrix of

R
AH>

the component value of the matrix of the determinant by the
entire flexible joint robot dynamics part 12 is changed
according to a motion of the flexible joint robot 1, so that
changes in controller performance according to the motion
of the flexible joint robot 1 may be eliminated.

The disturbance observer 13 may calculate an estimated
disturbance

()

obtained by estimating the disturbance

()

induced from a disturbance inlet part 122 and may reflect the
estimated disturbance to the control input through the esti-
mated-disturbance reflection part 14.

The disturbance observer 13 may include a mutual reac-
tion force removal part 131 including a determinant for
removing mutual reaction force between joints of the flex-
ible joint robot 1, a low-pass filter 132, an estimated-
disturbance dimension conversion part 133.

The mutual reaction force removal part 131 may remove
mutual reaction force between the robot joints by multiply-
ing a determinant, obtained by replacing a component value
of a diagonal matrix in the determinant of the above Equa-
tion 14 with O, by a control output

1)

The determinant included in the mutual reaction force
removal part 131 is as follows:

JE 0 <Equation 15>
a0
ARZI:Afln 0 ]:L sin® 2
" 0 Akl 27 JE
292
cos” 2

As the component values of 1st row, 2nd column and 2nd
row, 1st column of the above Equation 15 included in the
mutual reaction force removal part 131 become 0 and the
component values of 1st row, 1st column and 2nd row, 2nd
column are the component values of 1st row, 1st column and
2nd row, 2nd column of A%, mutual reaction forces between
the joints may be removed by setting other component
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values to O while increasing in proportion to some compo-
nent values of the determinant included in the internal
flexible joint robot dynamics part 123.

In the mutual reaction force removal part 131, the control
output is multiplied by the determinant of the above Equa-
tion 15, and the remaining determinant may be disturbed and
introduced into the low-pass filter 132.

A determinant for an estimated disturbance may be cal-
culated as in the following equation by multiplying a value
calculated in the low-pass filter 132 by the Jacobian trans-
posed matrix (J;7) in the estimated-disturbance dimension
conversion part 133:

o] a2
ERIN (PP S o W S

where dm and db, which are disturbances observed by a
disturbance observer, respectively represents an
observed disturbance value acting on a first link, which
is one joint, and an observed disturbance value acting

<Equation 16>

on both first and second joint links, s, d and d
respectively represent changed values of d ‘and db,
represents an observation gain of a disturbance
observer, N represents an actuator gear ratio, §,; and g,
respectively represent angular accelerations of links of
a single joint and both joints, J,,; and J,,, respectively
represent nominal inertia values of motors of first joint
actuator (located at a center of rotation of the first link)
and second joint actuator (located at a connection point
of first and second links), B,,; and B,,, respectively
represent nominal damping values of motors of actua-
tors driving the first link and the second link, 6, and 8,
respectively represent an acceleration and apgular
acceleration of the actuator driving the first link, 6, and
0, respectively represent an acceleration and angular
acceleration of the actuator driving the second link, and
t,, and T, are respectively input torques for a single
joint and both joints.

The above Equation 16 may be expressed in the form of

the following equation:

] A
RN e A W R

In Equation 17, since

JR IR

—JR IR ][q'l
—JR IR

<Equation 17>
JR IR q’z]

JR =

Iy +mal? + Jy = 2madslcos g, and Jf =y +myPP + Jy + 2mydylcos ¢
with regard to the determinant

IR+ IR
—JR IR

~JR+ IR
JR IR
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multiplied by a front end of

o]
il

the possibility that a denominator of each component of the
determinant becomes 0 is blocked, so there is an advantage
in that singularity can be removed.

In the case of related technologies, there is a problem that
an estimated disturbance value diverges when the denomi-
nator of the determinant multiplied by the front end of

5]

includes sin q, and the q, value becomes 0 or w. This
problem can be addressed by the present invention.

While the present invention has been described referring
to the preferred embodiments, those skilled in the art will
appreciate that many modifications and changes can be
made to the present invention without departing from the
spirit and essential characteristics of the present invention.

The invention claimed is:

1. A flexible joint robot system comprising:

a flexible joint robot comprising a first link, a second link
and a flexible joint to which each of the first link and
the second link is rotatably connected; and

a control system for controlling the flexible joint robot,

wherein the control system comprises joint actuators
configured to rotate the first and second links, sensors
configured to detect joint angles and/or torques of the

first and second links, and a controller including a

processor and a memory storing control instructions,

wherein the control system comprises:

a control input dimension conversion part configured to
receive a control input of the robot and convert the
Cartesian coordinate system of the control input to
the rotating workspace coordinate system,

an entire flexible joint robot dynamics part configured
to receive the control input and a disturbance and
output a control output including torque commands
applied to a first joint actuator located at a center of
rotation of the first link and a second joint actuator
located at a connection point of the first and second
links so as to control a position and/or orientation of
an end effector of the flexible joint robot in the
rotating workspace coordinate system by multiply-
ing the control input reflecting the disturbance by at
least one determinant, and

a disturbance observer configured to reflect the esti-
mated disturbance in the control input by calculating
an estimated disturbance,

wherein the disturbance observer comprises a mutual
reaction force removal part comprising a determinant
for removing mutual reaction force between joints of
the robot, a low-pass filter, and an estimated-distur-
bance dimension conversion part,

wherein the mutual reaction force removal part is config-
ured to remove mutual reaction forces between the
joints so that vibration and position error of the end
effector caused by the interaction between the first and
second links are reduced,
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wherein, when a determinant by the entire flexible joint
robot dynamics part is A, an inverse matrix (A%) of A
is calculated according to Equation 1 below:

_11R _15 (Equation 1)
. 242 . Q2
1 . 1 sin 7 Sll’l?
A=) MR ==
2% JR JE
sinq— cos22
2

where J.” represents the Jacobian transposition matrix
representing a relationship between a force of a robot
link in rotational coordinates and a robot joint torque in
joint coordinates, J;~' represents the Jacobian inverse
matrix, M represents a nominal matrix for inertia of a
robot link,

J{e =J1 + mzlz +J - zmzdleOS q2,

Jf =J1 +mP +J5 + 2maydylcos q2, JS =5 -h+ml, 0

represents an inertia moment for an axis passing through a
center of mass of the first link, J, represents an inertia
moment for an axis passing through a center of mass of the
second link, m, represents the mass of the second link, 1
represents a length of each of the first and second links, d,
represents a distance between an end of the second link and
a center of gravity, and q, represents an angle of the second
link in the Cartesian coordinate system,
wherein a determinant

(A7)

comprised in the mutual reaction force removal part sets at
least one matrix value in the inverse matrix (A®) to 0,
wherein the determinant

(a%)

comprised in the mutual reaction force removal part is
calculated according to Equation 2 below:

_1{? (Equation 2)
2492
[Aﬁn 0 ]_L )
0 AR, | 2r 0 JE
COqu—2
2

wherein a determinant

d,
[+
dy

for the estimated disturbance is calculated according to
Equation 3 below:

5
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where am and ab, which are disturbances observed by a
disturbance observer, respectively represents an
observed disturbance value acting on the first link,
which is one joint, and an observed disturbance value

acting on both the first and second links, am and ab
respectively represent changed values of am and ab, L
represents an observation gain of a disturbance
observer, N represents an actuator gear ratio, §,; and 4,
respectively represent angular accelerations of links of
a single joint and both joints, I, J . respectively
represent nominal inertia values of motors of first joint
actuator (located at a center of rotation of the first link)
and second joint actuator (located at a connection point
of the first and second links), B,,, and B, ,, respectively
represent nominal damping values of motors of actua-
tors driving the first link and the second link, 8, and 8,
respectively represent an acceleration and angular
acceleration of the actuator driving the first link, 8, and
8, respectively represent an acceleration and angular
acceleration of the actuator driving the second link, and
T,, and T, are respectively input torques for a single
joint and both joints.

2. The system according to claim 1, wherein the first link
is rotatably coupled to an installation surface in horizontal
and vertical directions, and the second link is rotatably
coupled to the first link, wherein the first and second links
are connected to each other by the flexible joint.

3. The system according to claim 2, wherein the control
input dimension conversion part comprises the Jacobian
transposed matrix (J,,7) configured to determine a relation-
ship between a determinant for force

(Equation 3)

(5% 5

acting on an end effector in the rotating workspace coordi-
nate system and a determinant for a torque (t,,) acting on a
single joint link of the first link and a torque (t,) acting on
two joint links acting simultaneously on the first and second
links.

4. The system according to claim 3, wherein the Jacobian
transposed matrix (J7) is

92
] —
Ccos 5
—lsm% lcos%

. 42
lw —_—
sin >

wherein 1 represents a length of the first link and a length
of the second link, and q, represents a relative angle
size of the second link relative to the first link, the
length of the first link being a same as the length of the
second link.
5. The system according to claim 1, wherein a determinant
by the entire flexible joint robot dynamics part varies
according to movement of the robot.
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6. The system according to claim 1, wherein a determinant

dy
!
dp

for the estimated disturbance is calculated according to
Equation 4 below:

AR 1]
ERYN (e P et R

7. A flexible joint robot system comprising:

a flexible joint robot comprising a first link, a second link
and a flexible joint to which each of the first link and
the second link is rotatably connected; and

a control system for controlling the flexible joint robot,

wherein the control system comprises joint actuators
configured to rotate the first and second links, sensors
configured to detect joint angles and/or torques of the

first and second links, and a controller including a

processor and a memory storing control instructions,

wherein the control system comprises:

a control input dimension conversion part configured to
receive a control input of the robot and convert the
Cartesian coordinate system of the control input to
the rotating workspace coordinate system,

an entire flexible joint robot dynamics part configured
to receive the control input and a disturbance and
output a control output including torque commands
applied to a first joint actuator located at a center of
rotation of the first link and a second joint actuator
located at a connection point of the first and second
links so as to control a position and/or orientation of
an end effector of the flexible joint robot in the
rotating workspace coordinate system by multiply-
ing the control input reflecting the disturbance by at
least one determinant, and

a disturbance observer configured to reflect the esti-
mated disturbance in the control input by calculating
an estimated disturbance,

wherein a determinant

dn
<[; ]>
dy

for an estimated disturbance calculated in the disturbance
observer is expressed as a sum of terms comprising deter-
minants

jf 4 JZR (Equation 4)

—JR IR

~JR+ IR
JR IR

(=
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and a denominator of a coefficient of

ik

does not comprise 0,
am and ab, which are disturbances observed by a distur-
bance observer, respectively represents an observed
disturbance value acting on the first link, which is one
joint, and an observed disturbance value acting on both

r
Tp

first and second joint links, aAm and 31, respectively
represent changed values of d,, and d,, §; and §,
respectively represent angular accelerations of links of
a single joint and both joints, 8, and 0, respectively
represent an acceleration and angular acceleration of an
actuator driving the first link, 8, and 0, respectively
represent an acceleration and angular acceleration of
the actuator driving the second link, and 7,, and T, are
respectively input torques for a single joint and both
joints.

8. The system according to claim 7, wherein a determinant

d,
<[; ]>
dy

for the estimated disturbance is calculated according to
Equation 5 below:

PR (] e
RN e P el IR

where L represents an observation gain of a disturbance
observer, N represents an actuator gear ratio, §, and g,
respectively represent angular accelerations of links of
a single joint and both joints, J, and J,,, respectively
represent nominal inertia values of motors of first joint
actuator (located at a center of rotation of the first link)
and second joint actuator (located at a connection point
of the first and second links), and B, and B, , respec-
tively represent nominal damping values of motors of
actuators driving the first link and the second link.

jf +J§ (Equation 5)

—JR IR

—JR IR
JR IR

* * * * *



