IPREEEPRSVE Rherhbfiddal COhferbite- on AUGUST 2021
Advanced Intelligent Mechatronics (AIM)

Force control of a grinding robotic manipulator with
floating base via model prediction optimization
control
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Abstract—In this paper, a grinding robot for large area and
an impedance-based force control method applied to the robot
are described. With the development of science and technology,
the demand for various industrial robots increased, and among
them, the demand and importance of grinding robots that require
high risk and precision increased. In particular, research on
grinding robots targeting large areas has not been conducted
relatively, and accordingly, the design and control mechanism of
robots specialized in large areas was needed. A robot consisting
of a manipulator and a grinding module with a 2-DoF parallel
structure is proposed as the design of a new grinding robot.
The control method is based on impedance force control mainly
used in existing grinding robots, but to overcome the limitations
of using only impedance control, the impedance control via
model-based prediction optimize(MPO) is proposed as a control
technique for grinding robots. Experiments were conducted to
verify the force tracking ability of the proposed control, resulting
in a 28.1% improvement in settling time for the desired force.
Even for disturbance, more improved recovery performance
than conventional controllers has been verified. As a result,
proposed impedance force control via MPO shows improved
force tracking performance over conventional impedance control,
and is presented as one of the appropriate control methods for
grinding robots targeting large areas.

Index Terms—Grinding robot, Optimal impedance control,
Model-based prediction control

I. INTRODUCTION

The production of parts requiring more sophisticated and
dangerous work has increased the demand for the industrial
robot market to perform tasks on behalf of humans. In par-
ticular, interest in industrial robots has increased significantly
in the grinding market [1]. In fact, according to the accident
records of Construction and fabrication companies, the highest
accident rate between 2015 and 2018 was an accident during
grinding work, and the biggest cause was human error [2]. The
need to introduce industrial robots in the grinding industry has
been highlighted.
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Fig. 1. Proposed large area grinding robot.

Many developments and studies have been conducted on
grinding robots; However, most of the results were focused on
grinding small, sophisticated parts. Demand for grinding work
on large areas, such as ship and tank parts, was still performed
by humans [3], [4]. Large-area grinding workers were still
taking safety risks. Large scale grinding is still highly labor
intensive. [5] Existing grinding robots use fixed manipulator
arms [6]. The work is carried out after fixing the grinding
object to the fixed workstation [7]. This structure and work
method are not suitable for performing grinding work on a
large area of a large target such as ship parts or military parts.
To address this, a new grinding robot was developed, which
has a structure that contacts the grinding module and the target
through a mobile platform-based floating base and a two-
degree manipulator. Furthermore this mechanism is MIMO
nonlinear system with 2 input and 2 output, where manipulator
of a robot rotates 2 links to control the position and angle of
the grinding module [8].

Most grinding robots use the impedance control proposed by
Neville Hogan as a force control method [9]. Impedance con-
trol was mainly used in contact situations with the manipulator
robot and environment, and is a method used with integrated
controllers implementing compliant elements [10], [11]. The
purpose of impedance control is to establish a desired dynamic
relationship with a mass-spring-damping system between pos-
ture and contact force, which is usually referred to as the target
impedance [12]. The impedance controller includes a torque-
based impedance control and a position-based impedance
control, among which a position-based impedance control is
called an admittance control [13]. Admittance control has
advantages when the characteristics of the actual manipulator
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are not well known or when it is difficult to predict the torque
required for movement, which is suitable for use in designed
grinding robots [14]-[16]. Impedance control provides a way
for designers to control the manipulator to interact with its
surroundings in the desired form [17], [18]. By adjusting
the impedance characteristics represented by Mass, spring,
and damper, the desired manipulator movement is created,
and it has some robustness against modeling errors in the
surrounding environment [19]-[21]. In addition, impedance
control allows natural movement in both situations where the
robot is in contact with or out of contact with the surface [10].

There are some limitations on controlling the grinding
robots using the impedance control solely. Since large outer
force including high amplitude vibration is generated during
the grinding process and the applied force should be large
enough to make the abrasive to contact on the target surface
more firmly, control for larger force is necessary. Therefore,
to compensate for this, impedance controls combined with
various means such as adaptive impedance control [22], [23],
fuzzy impedance control [24], and other intelligent impedance
control [25] have been studied as actual grinding contact force
control methods [26]. However, in order to perform large-
area grinding tasks, it is essential to prevent damage to the
grinding surface and robot caused by the excessive reaction
force while also minimizing the settling time for efficient op-
eration. Existing adaptive impedance control methods have the
disadvantage of slow convergence speed when the difference
between the Desired Stiffness and the Actual stiffness of the
work surface is large. Additionally, fuzzy impedance control
requires tuning parameters for each case, which involves
many decision variables and makes optimization difficult. As
explained above, mobility for the robot is necessary in case
of large scale grinding where target surface is larger than the
grinding robot itself. Therefore causing extra external force
from the movement of the robot and calculation of reaction
force from it to keep the proper exerting force. For the distance
between the robot and the target surface as the robot moves,
more rapid impedance gain control is also needed.

In this paper, impedance control via model-based prediction
optimize is proposed as a new control method for grinding
robots for large area grinding tasks. There are limitations in
controlling the impedance control alone in a grinding environ-
ment where the robot is not fixed and is based on a floating
base, and there are many disturbances such as vibration. Based
on the dynamic model, the impedance control is reinforced
by adjusting the coefficient of impedance control through an
optimization technique using the predicted model. Based on
these ideas, finally model prediction-based impedance force
control is proposed as a robust controller against disturbances.

This paper consists of five sections. Section 2 describe the
robot mechanism. Section 3 include the contents of control
of robot. Section 4 show the experiment set up and result of
experiment and Section 5 is conclusion of paper.

II. ROBOT CONFIGURATION

In this section, the proposed grinding robot is described.
After the overall structure is explained, the grinding module
and the 2-DOF manipulator are mainly described.
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Fig. 2. Overall design of proposed grinding robot. (a) The robot positioned
on a mobile platform, and (b) components of grinding robot.

A. Overall structure

Fig. 2 represents the overall design of the robot proposed
for large-area grinding. The robot is largely composed of three
components: a grinding module, a two-degree freedom ma-
nipulator, and a mobile platform. Grinding work begins while
approaching the grinding target through the mobile platform.
When approaching the object at a certain distance or less,
the grinding module is brought into contact with the object
through a 2-DOF manipulator. The 2-DOF manipulator can
perform impedance control through the function of spring and
displacement measurement, which allows the grinding module
to maintain contact with the target with a constant force. The
grinding is performed through a sanding pad attached to the
grinding module, and a large area is processed at once through
surface contact with the object. The grinding module has a
structure that is easy to attach and detach from the manipulator,
80 it is easy to assemble, and the grinding pad can be replaced
in consideration of the diversity of the surface of the object.

B. Grinding module

As shown in Fig. 2, the grinding module grinds the target
through a total of four grinding pads. The four pads are
rotated by two motors through the gear train construction. A
BLDC motor (Bevel planetary reduction gear BLDC motor
BG42-BL4299 DC24V 105W, motorbank) was used, and a
decelerator with a deceleration ratio of 1/14 was used to
achieve a rated speed of 286 rpm and a rated torque of
2.835Nm. The grinding pad consists of a sanding pad that
directly contacts the target and a backup pad that can be
attached with sanding pad and has a damping effect. The
sanding pad and the backup pad are combined in a velcro type,
thereby facilitating replacement of the sanding pad according
to the surface state of the grinding object. The grinding module
has a size of 640 mm wide and 140 mm long, and the size of
the grinding pad is 5 inch.

C. 2-DoF manipulator

The structure of the 2-DOF manipulator is shown in Fig.
3. The structure of the manipulator is based on the previously
studied 2-DOF parallel structure [27]. The manipulator allows
the grinding module to perform two degrees of freedom:
forward and backward movement and rotation. Using the belt-
pulley, the compliance structure is moved along the linear
guide to allow the manipulator to take the desired action.
Depending on the length of the manipulator arm, the maximum
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Fig. 3. Mechanism of 2-DOF manipulator. Red box above indicates the design
of compliance structure. Principle of operation of compliance structure for
contact forces.
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Fig. 4. Describe 2-DOF movement of manipulator.(a) Manipulator moving
in linear motion. (b) Manipulator moving in angular motion.

travel range is 200 mm forward and the rotation is 10 degrees.

In addition, the 2-DOF manipulator can perform impedance
control by measuring the force applied to the robot through
a compliance structure marked with a red dotted square as
shown in Fig. 3. The compliance structure consists of a
carriage equipped with an encoder sensor that measures the
displacement of the spring relative to the spring and a carriage
equipped with an actuator that moves the manipulator arm
[28]. When the grinding robot contacts the object and a contact
force is generated, the force is transmitted to the compliance
structure through the manipulator arm. The carriage with
the rotary encoder moves by the force transmitted as in
Fig. 4 (b), thereby compressing the spring. It is possible to
calculate the contact force between the grinding robot and the
object through the known spring characteristics and the spring
compressed distance value measured through the encoder.
The calculated force data is used as the main data for robot
impedance control.

III. CONTROL SYSTEM

In this section, the robot’s control system, model prediction
based impedance control, is described. The description of the
robot’s kinematic and dynamic is followed by the description
of the robot’s control system.

NOMENCLATURE
¢ Rotation angle of grinding module [rad]
0, Moving angle of the left linkage arm [rad]

6, Moving angle of the right linkage arm [rad]
a Distance from linkage end to module connector [mm]

,,,,,,,, J . F,

Fq ':N q1 42

Fig. 5. Kinematic model for 2-DOF manipulator. The explanation of each
symbols are presented above.

b Half length of the grinding module [mm)]

F External force applied to left side of grinding module
123 External force applied to right side of grinding module
F, Left force applied to move the 2-DOF manipulator
F, Right force applied to move the 2-DOF manipulator
hy Left height between base and grinding module [mm]
hy Right height between base and grinding module [mm]
l Length of linkage arm [mm]

my Weight of left linkage arm [kg]
my Weight of right linkage arm [kg]
M, Weight of grinding module linkage [kg]

q1 Linear distance of the left driving motor [mm]
q2 Linear distance of the right driving motor [mm]
X1 Height of the 2-DOF manipulator linear motion [mm]

A. Kinematics and Dynamics of grinding robot

Fig. 5 shows the kinematic model of the 2-DOF manipula-
tor.

The kinematic constraints obtained from kinematic model-
ing of the 2-DOF manipulator are:

(q1 —bcos)* + (x; +bsing)?) = I
(g2 —bcos)* + (x; — bsin¢)?) = I
Based on Eq. (1), the moving distances g; and g, of the

manipulator driving motor are represented for the positions
of ¢ and x; of the endpoints:

q1 =bcos¢ — \/12 — (x1 +bsing)?)
g2 =beos — /2~ (xi —bsing)?)

The force of two points generated by the manipulator when
the grinding module contacts the target is called F| and F3,
and the distance from the manipulator is defined as /; and h;,
respectively. At this time, i; and hy are expressed as,

)

2)

hy =x1+bsing

3
h2 :xl—bsind) ( )

The forces F;, and F;, applied to the compliance of the manipu-
lator are calculated through the spring of the compliance. The
spring coefficient of the spring of compliance and the position
information obtained from the rotary encoder attached to the
compliance carriage are calculated, and the resulting force is
obtained as follows,
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F,= ks<xk _xa)

4
Fpy = ks (o — xp) @

Values ks, xy, x4, and x;, refer to the spring coefficient, the
initial length of the spring, and the changed length of the
spring obtained from the rotary encoders, respectively. The
spring coefficient k is a known number, and values of x, and
xp are maintained through the linear encoder and the rotary
encoder mounted on the manipulator.

The Jacobian equation is,

j L [n IR
[ZQ] -/ l[h‘j =g ! (5)
_|=1 —bcos¢
Where, J;, = {_1 beos } ,
J = q1—acos¢ 0
77 0 g2 —acos¢|’

X1 +asing grasin¢g +xjacos ¢
Jy = . .
X]—asing grasing —xjacos ¢

Differential progress is made for Eq. (1) and Eq. (3) to
express the forces on Fj, F, that occur when the grinding
module and the target come into contact as forces F,, F,
applied. J; can be obtained by differentiating Eq. (3). J; is
obtained by partial differentiation of Eq. (1) for ¢; and g3,
and J, is obtained by partial differentiation for x; and ¢,
respectively. The details about this equations are referenced
from this paper [13]. The relationship between the contact
forces F| and F, through the Jacobian matrix obtained in (5)
and the forces F, and F; measured in compliance is given in

Eq. (6).
F.| |k
-5 ®

In order to execute impedance control, information on the
force of the grinding module to contact the object was
required. Control over contact forces is possible through
a relationship involving a Jacobian matrix between the
contact force and the force measured through the compliance
structure of the manipulator. As shown in Fig. 3, the
compliance structure using springs prevents sensor noise
generated when measured through load cells, enabling
stronger control.

The dynamics of the grinding robot are calculated through
the Lagrangian equation.

d or. oT

2287 7
dt(8q) dq )
|7 _ Fi —Foy
Where, g = [612] , F= |:F2_Fext:|

Assuming that the force in the direction of gravity is negli-
gible, the Lagrangian equation by the manipulator sending the
potential energy by gravity to zero. T is,

1 1. .2 1 1. ., 1 . 1
T =omVi+ o160 +omVi 4506y + B¢+ SmeVs (8)

Virtual grinding target The overlapping area A

Fig. 6. Illustrative robot movement for calculation the reaction force between
virtual target surface and the grinding robot.

As explained in Fig. 5, manipulator consists of two arm-
bars corresponding to length / and an end-bar of length 2b
that connects to the grinding module. The mass of the arm-
bar is m and the sum of the mass of the end-bar and the
mass of the grinding module is called m,. The values V;
and V, respectively mean the speed value of arm-bar, and V3
means the end-bar speed value. These can be expressed with
derivative of the angle and length.

1. 1. . .
V1 = 591, Vz = 592, V3 = —lSian 91 —bCOS(D(P (9)

The value I represents the inertia value of each bar. Here, 0,
and 6, can be expressed with ¢; and ¢> and following.

T (b—q1)® b-—
PRI 6311) Lo

2" (6) I (10)
0 (@) b
2T 2 (D) ]

F| and F; are the force at the end by the manipulator expressed
in Fig. 5. Further, obtained dynamics are finally expressed as
Eq. (11).

M(q)§+V(q,q) =F 1D
g is represented by equation (12) as follows:
§=M"(q)(F—V(4.q)) (12)

The dynamics allow us to calculate the location information
¢ of manipulator.

F,; is an external force, which means a reaction force
generated by a grinding object. The implementation of the
force against the reaction force is achieved through modeling
of the reaction force by creating a virtual grinding object.
Assuming a situation in contact with a grinding object, the
area generated by overlapping the manipulator is,

1 H — X1
A=~ —
3 (acos¢ g
H is the distance between the grinding object and the manip-
ulator. Thus, F,,, is represented by K., which is the stiffness
of the virtual grinding object.

Y(asing +x; —H) (13)

Fot = KoniA (14)

The value of K,,; was adjusted through repeated experiments
comparing it with the motion of a real robot. K, = 20000
was set to have an error rate of about 1% with respect to the
contact environment.
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Position based impedance
compensator

Fig. 7. Position based impedance control system

B. Position based impedance control

The position-based impedance control applied to the two-
degree of freedom manipulator used in the grinding robot
follows the form expressed in Fig. 7.

The equation for the target impedance is,

Mgxgc + BaXqe + Kgxe = —Ey (15)

where, My, By, and K; are the desired mass, desired damping
coefficients, and desired stiffness of the controller, respec-
tively. x; refers to the desired position of manipulator and
X is the compliant position value of manipulator and position
correction between x; and x. is x, = x; — x.. fg refers to the
desired force and f, refers to the actual contact force of the
robot obtained through compliance structure and Er = f; — fe.
The forces above is relevant to the external forces F; and F;
in Fig. 5. The force of the spring of the compliance structure
described above is used to calculate the actual contact force
applied to the robot. Through impedance control, contact force
and moment are controlled at the end-effector end of the 2-
dof manipulator which is in contact with the target during
grinding.

Through impedance control, desired force gives an input in
the form of a step function. However, the distance between the
wall and the robot represents a continuous functional form and
the performance deteriorates because the dynamic relationship
between the real wall and the manipulator of the grinding robot
is not fully considered. To compensate for these limitations,
the compensation coefficient 7 is established and the desired
position x; value is expressed by Eq. (16). The value x; is
equal to the resulting input value x;, of Fig. 7.

xd:xg—&—nxe (16)

Accordingly, the first-order differential and second-order dif-
ferential values of x, follow the following equation.

. Xe . Xe

Xe = X = —

n—1’

a7)

C. Impedance control via model-based prediction optimize

A model-based prediction optimization(MPO) method is
used as a method to enhance impedance control. Model-based
prediction optimization is a strategy to optimize by predicting
a finite horizon based on information on the initial state and
information on the current state of the system by solving the
dynamic model of the robot [29], [30]. Fig. 8 describes the
entire control system to which this method is applied.

The main purpose of robot force control is to minimize
the E¢ value, the difference between the desired force f; and
fe. The Ep value is predicted through a dynamic model and
a control algorithm. The prediction process proceeds for N

Optimi

t A

Constraints

LT\

Fig. 8. Block diagram of control system

finite loop intervals. Cost function is determined through the
predicted future error value and optimization is carried out
to update the K; value, which is the stiffness value of the
impedance compensator, to strengthen the existing impedance
control. The control algorithm is created by Eq. (15) and Eq.
(16) and is expressed as,

X X X
—Eﬁ=Mﬂnil)+BAni1)+Kﬂnil)
The dynamic model allows us to obtain values of x., X, X, and
the values of mass and damping coefficients of the impedance
compensator, M; and By, give constant values for the system.
As a result, Ey is represented by an expression for K;. The
cost function to be minimized include a force tracking error,
E f= Ja—fe
From Eq. (18), the position control input of the controller
can be calculated, and the reaction force f, can be predicted
by substituting it into Eq. (11). Each equation calculated Ef
in each step through z-transform, and the cost function is as
shown in Eq. (19).

(18)

k+N

Jeost = Z [Ef(l)TEf(l)]

i=k

19)

The value k is the time instant and N is the size of the
prediction horizon. As mentioned earlier, it is assumed
that the parameters M; and B; for mass and damping on
the system are constant. Finally, the cost function J.,s is
represented by an expression for K;, which is a impedance
parameter. As a result, it becomes a problem to find a Ky
value that minimizes the cost function and is defined as
follows:

(20)

minJe g
Kq(k)

where, K" < K,(k) < K7*. The K7 was determined
through stability analysis as follows.

Ef:fd_fe:fd_Kext(xc_xe) 21
To sum up the above equation,
—F
xe=xp+ 1475 (22)
Kext

Here, substitute Eq. (22) for Eq. (18) and organize expression
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for E¢(s) through Laplace transform.(where, f; = const)
L (Ep(1) =Ef(s), L (x(1)) =Xc(s)

E(s) = e (Mys® + Bas® +kas)Xe(s) + kafa
A Mys3 + Bys? + (kg — Koxt + Koyt )s

(23)

(24)

If the curvature of the wall is large, the distance changes
slowly. Therefore x, can be assumed as a step input, and
(kg — Koyl + Kexr) > 0 must be satisfied in order for the Eq.
(24) to be stable. In addition, the value of K; changed rapidly
due to the problem that the reaction force was not measured
while the grinding unit approached the wall in Free Space,
and the system became unstable due to the motor’s saturation.
Thus Kj'** decided experimentally.

The equation of optimization becomes a problem of mini-
mizing Jeos (Ka(k)). QP solver is used as a tool to solve the
optimization problem.

IV. EXPERIMENT RESULT
A. Lab test-bench

Verification of the model prediction-based force control
system was performed through lab experiments. The design of
the test bench manufactured in consideration of the situation
of disturbance by the mobile platform is the same as that of
Fig. 9. The test bench consists largely of a grinding board that
will hold the iron plate to be ground, a mobile platform, and a
disturbance generator that will implement other disturbances.
The grinding board is equipped with six plates that will be the
target of the grinding work. A 1.5T thick steel plate with a
size of 310mm x 200mm was used as the target plate for the
grinding work used in the experiment. The grinding robot has
a structure that can be attached to the disturbance generator,
and is configured to move by the disturbance generator. The
disturbance generator is manufactured to realize a desired
disturbance and the structure is shown in detail in Fig. 9.

B. Application of impedance control via MPO

The impedance control via model-based prediction opti-
mization(MPO) was applied to the control system of grinding

(a) Force tracking performance of control algorithm

op/Desired foree =20N Voo

— 1} Steady statcerror
(5%)

—— Impedance + Adaption law

i —— Impedance + MPO(loop=10)
! Impedance + MPO(loop=20)
i == Impedance + MPO(loop=30)

Reaction Force [N]

|
0 5 10
Time(s)

(b) Force tracking performance of control algorithm with grinding

p|Pesired force=20N 1 Yoo

—} Steadystateerror
(5%)

: = Impedance + Adaption law
I = Impedance + MPO(loop=10)
; i Impedance + MPO(loop=20)

Reaction Force [N]

= Impedance + MPO(loop=30)

|
0 5 10
Time(s)

Fig. 10. Force tracking performance of control algorithm. (a) Force tracking
performance without grinding. (b) Force tracking performance with grinding
(N is number of prediction loops)

robot. Experiments were conducted through an actual robot
to confirm the performance of the new control method. The
grinding robot’s controller hardware uses CompactRIO (Na-
tional Instrument cRIO-9024) equipped with NI-DAQmx. The
sampling time of the controller is set to 10ms and operates.
The initial set value of the impedance control used in the
experiment was the previously used impedance coefficient
value (My = 1, By = 20, K4,= 1000). First, it was applied to
the manipulator itself without considering the disturbance of
grinding, and the result can be seen in Fig. 10 (a). Preliminary
experiments confirmed that more than 10N was required for
polishing, and there was no significant difference in polishing
performance at reaction forces beyond that. However, we set
the target force to 20N because too high reaction force can
affect the durability of the robot. It also aimed to minimize
overshoot and setting time at the same time through MPO’s
cost function. For the number of model prediction loops
used for optimization, experiments were conducted up to the
number of loops N = 30 and compared. It can be seen that as
the number of loops increases, the performance improves to
have a faster settling time for the desired force. When setting
the number of loops N to 30, an increase in the computational
workload required for optimization is observed, resulting in
fluctuations in the sampling time between 10ms and 11ms.
By comparing the number of inputs obtained through opti-
mization, the system achieved steady state at the 354th input
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(a) K4 change during contact during force-tracking
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(b) Predicted x, change during force-tracking
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Fig. 11. Changes in control algorithm’s key values during force-tracking.
(a) Impedance coefficient K; changes during force-tracking. (b) Predicted x,
changes during force-tracking (c) Desired distance x; changes during force-
tracking (N is number of prediction loops)

when N was 20 without grinding, and at the 335th input
when N was 30. However, taking into account the actual time
required by multiplying the sampling time, it took longer with
N=20 at 3.55s and N=30 at 3.69s. In situations where grinding
was performed, there was negligible difference between N=20
and N=30 due to the influence of disturbances. Therefore,
although optimization performance is superior when N=30,
considering the impact of sampling time under the current
hardware settings, N=20 was selected as the optimal number
of loops. When the number of loops N is 20, it is faster than
1.56s when impedance control is applied alone, resulting in
an improvement of 30.5%. Fig. 10 (b) is the result of an
experiment to find out the force tracking performance along
with the actual grinding work. The overall trend is similar to
that of the absence of a grinding operation, but the application
of MPO was faster than the existing impedance in the time
to reach the steady state for 5% error. The overall tendency
is similar to when there is no grinding work. The settling
time which enters the steady state for a 5% error is 1.48s
faster when the number of loops is 20, and an improvement of
28.1%. The changes in the main values of the controller while
the impedance controller to which MPO is applied follows the
force after contact with the wall are confirmed through Fig.
11. Looking at the impedance coefficient K; value in Fig. 11
(a), the higher the number of loops, the faster it decreases

(a) Force-tracking with forward step disturbance(20mm)

E — Impedance
Z 327 Impedance + MPO(N=20)
° i - - Step(20mm) input
o !
5280
F |
a .
.g |
5 24r i Steady state error
& | (+5%)
W
Desired forge =20N | ‘
0 4 8 12 16

Time(s)

(b) Force tracking with backward step disturbance(20mm)
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— 20— e
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S g |
] i i — Impedance
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2 L ; - - Step(20mm) input
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Time(s)

Fig. 12. Force-tracking performance with step(20mm) disturbance. (a) Force-
tracking performance with forward step disturbance. (b) Force-tracking per-
formance with backward step disturbance.(N is number of prediction loops)

and consequently converges at lower values. At the beginning
of the control, the value of K; changes rapidly and K; value
exceeding K7 is calculated. Thus there is a time when the
value of K is fixed to K" for a predetermined time. This
has a slight effect on the convergence speed of the control, but
prevents the saturation of the motor, enabling stable behavior
overall. Fig. 11 (b) shows the position control input calculated
due to the update of K;. The compliance position x. predicted
through the MPO, the higher the number of prediction loops,
the higher the compliance distance. In Eq. (18) expression
corresponding to the control algorithm, K; values and x, values
have an inversely proportional relationship with each other,
resulting in a faster lower K; value and convergence to lower
values in the higher number of loops that export higher x..

As a result, if the number of predictive loops is as high as
Fig. 11 (c) according to the change in the K; value, the desired
distance x; value is exported, which causes the manipulator
to reach the desired force faster.

In order to confirm the force-tracking performance against
disturbance of the controller, a comparison was made between
the existing controller and the controller applying MPO by
giving strong disturbance during force-tracking. The distur-
bance is a step signal of 20mm and is given in the y-
axis direction through the disturbance generator of the test
bench of Fig. 9. The result of the controller’s force-tracking
performance against disturbance is shown in Fig. 12. Fig. 12
(a) shows reaction force when a forward disturbance of 20mm
occurs while tracking a desired force of 20N. The reaction
force overshoot value due to disturbance of impedance control
applied with MPO is 30.1N is 4.34N lower than the existing
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controller value of 34.44N and the time to return to steady
state is also 15.54s, which is a reduction of 0.82s from the
existing controller. Fig. 12 (b) shows a situation in which a
disturbance of 20 mm is given to the backward in contact with
the grinding target. The reaction force was instantaneously
lowered by separation from the grinding target, resulting in a
1.75s improvement in the case of controllers applying MPO
at the time of returning to normal for the desired force.
As a result, it shows that the proposed control method can
improve the efficiency of the grinding operation by quickly
following the reaction force required for grinding even when
a disturbance is applied compared to the existing adaptive
impedance controller.

V. CONCLUSION

There is a limit to controlling the force with general
impedance control, because there are many disturbances that
are generated when contacting the object during grinding
work. Based on the fact that the MPC optimization method
calculated through model prediction is effective in a nonlinear
environment, an attempt was made to overcome the limitations
of impedance control during grinding. Model prediction allows
for stronger control in real time by inserting an optimization
loop for the impedance coefficient K;. Experiments were
conducted using a prototype robot and a test bench to verify
the performance of the model prediction impedance con-
trol, which is the proposed control system. The proposed
impedance control with MPO showed 28.1% improved setting
time for desired force compared to the existing controller,
and more robust results for disturbance. The results show
that the application of MPO to the impedance improved
control performance and gave robustness against disturbance.
As a result, impedance control via model-based prediction
optimize(MPO)is proposed as a more effective control method
for robots used in disturbance-laden grinding tasks.
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