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ABSTRACT

This study aims to optimize the impedance control of a 3 degree-of-freedom (DOF) robot in
various industrial applications, such as pushing, polishing, cleaning, and grinding. In these
applications, the robot manipulator needs to interact with the environment to achieve the
desired task, making it imperative to control the interaction between the robot and the
environment. The impedance controller is an effective approach that regulates the dynamic
relationship between the robot and the environment, which is crucial for performing these
tasks accurately and efficiently. Unlike force/position hybrid controllers that have separate
subspaces for force and position control, the proposed impedance controller aims to regulate
the relationship between the force and the position of the end effector in contact with the
environment. This approach ensures that the robot manipulator endpoint follows both the
desired force profile and the desired position accurately. Additionally, the proposed method
allows for planning a virtual trajectory to obtain a desired force profile when the environment
has a rigid structure with known properties. To optimize the proposed impedance controller,
the Bees Algorithm was used. The numerical application results demonstrate that the
optimized impedance controller allows the robot manipulator endpoint to follow both the
desired force profile and the desired position accurately, providing a practical solution for
controlling the interaction between the robot manipulator and the environment in various
industrial applications. The significance of this study lies in its potential to improve the
performance of industrial robots in applications that require interaction with the environment.
By using an optimized impedance controller, the robot can perform its task accurately and
efficiently, reducing the risk of errors and improving productivity.

Keywords: Impedance control, 3 DOF robot, robot-environment interaction, The Bees
Algorithm.

1. INTRODUCTION

Industrial robots are widely used in various manufacturing processes to automate tasks and
improve productivity. In many industrial applications, the robot manipulator needs to interact
with the environment to achieve the desired task, such as pushing, polishing, cleaning, and
grinding. However, controlling the interaction between the robot and the environment can be
challenging, as the robot needs to regulate the dynamic relationship between the force and
position of the end effector in contact with the environment [1, 2].

One effective approach to regulate this dynamic relationship is through impedance control.
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Unlike force/position hybrid controllers that have separate subspaces for force and position
control, impedance controllers aim to regulate the relationship between the force and the
position of the end effector in contact with the environment [3-5]. This approach ensures that
the robot manipulator endpoint follows both the desired force profile and the desired position
accurately [6, 7]. Impedance control has been widely studied and applied in various industrial
applications, such as assembly, welding, and machining. In impedance control, the trajectory
function of the robot's end effector is an essential factor that affects the dynamic relationship
between the robot and the environment [8].

Optimization algorithms are a fundamental tool used in many scientific fields to solve
complex problems. Two categories of optimization algorithms exist: global optimization
algorithms and local search algorithms [9]. Global optimization algorithms, such as Genetic
Algorithm [10, 11], Particle Swarm Optimization [12], and The Bees Algorithm [13-15], are
designed to explore the entire solution space to find the global optimum. In contrast, local
search algorithms such as Hooke-Jeeves [16] and Newton Raphson [17] focus on exploring
local regions of the solution space to identify the optimum. While global optimization
algorithms are generally more effective in finding the global optimum, local search
algorithms can be faster and more efficient in identifying the optimum in small or restricted
regions of the solution space. The choice of which optimization algorithm to use depends on
the nature of the optimization problem and the characteristics of the solution space [18].

The focus of this study is to optimize the impedance control parameters of a 3 degree-of-
freedom (DOF) robot in order to accurately control its movements and applying force on
stations in industrial applications. The primary objective is to determine the optimal
impedance control parameters that generate an accurate force profile. To achieve this
objective, the Bees Algorithm was employed to optimize the impedance control parameters
and minimize the relative distance and force errors as objective function [6, 19]. By using the
optimized impedance controller, the robot can perform its task accurately and efficiently,
reducing the risk of errors and improving productivity in various industrial applications.

2. MATHEMATICAL MODEL

The focus of this research is the 3 degree-of-freedom (DOF) manipulator, which consists of
three joints. The manipulator's physical configuration is composed of three links with
individual masses denoted as m,, m,, and ms, as illustrated in Figure 1.

Figure 1. 3 dof robotic system

Forward kinematics is a commonly used method to determine the spatial position of the end-
effector relative to a reference coordinate system. Denavit and Hartenberg [20] introduced a
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systematic approach to this technique, which involves obtaining a homogeneous
transformation matrix through a series of sequential transformations. These transformations
include a d-translation along the z-axis, a 0-rotation about the z-axis, an a-translation along
the x-axis, and an a-rotation about the x-axis, as expressed by Equations (1) and (2).

1A = T,(DR,(O) T ()R, (@) (1)
cosf; —cosa;sinf; sina;sinf; a;cos0;
14, — sinf; cosa;cosB; —sina;cosB; a;sing; 2)
' 0 sina; cos q; d;
0 0 0 1

Table 1 displays the Denavit-Hartenberg (D-H) parameters of the 3 degree-of-freedom (DOF)
robot, which are utilized to characterize the kinematic interdependence between the robot's
joints and end-effectors.

Table 1. Denavit-Hartenberg (D-H) Parameters of the 3 Degree-of-Freedom (DOF) Robot

i d [mm] 0 [°] a [mm] al°]
1 d; 0 0 /2
2 0 L, 0 0
3 0 L, 0 0

In Equation (3), the center of mass for each body is explicitly defined with reference to its
individual coordinate system.

Iy =[0 0 —d;/2]"
2y, = [~L,/2 0 0] 3)
Sry=[-Ls/2 0 0]

As per the methodology explained in reference [21], the computation of actuator torque
related to the i-th joint can be achieved through Equation (4). The acceleration-related
symmetric matrix is described in Equation (5), and its characteristics have been elucidated in
prior studies [20, 21]. t,; represents the impedance torque that acts on the i-th joint. The
velocity matrix, denoted as U;j, symbolizes the mathematical representation of the velocity of
the i-th body concerning the j-th joint angle, conventionally indicated as ;. This matrix is
defined using Equation (6), which presents a formal expression for the relationship between
the velocity of the body and the joint angle.

M(q)él + C(ei' 91) + G(ei) = Tacti + Tei 4)
n
My, = Z Tr(Up ;UL )
j=max(i,k)
0g. j-14. i< ]
uy={ g T e (6)
0 Jj >0

The computation of the derivative of a homogeneous matrix ‘A’ can be achieved through left
multiplication with the Q matrix, which represents the rotational component of the
transformation matrix for revolute joints. The Q matrix is expressed by Equation (7), and its
utilization is fundamental for obtaining the derivative of the homogeneous matrix A,
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representing a pivotal step in the kinematic analysis of robotic systems.

0 -1 0 0

11 0 0 0
Q‘oooo )

0 0 0 O

In Equation (5), the trace operator, which calculates the sum of the diagonal elements of a
matrix, is utilized as a mathematical tool commonly employed in linear algebra. This operator
is designated by the symbol Tr and its definition has been established in prior works by Fu et
al. [21] and Weisstein [22]. The precise definition of the trace operator is presented in
Equation (8), which provides a succinct mathematical representation of the operator.

n

Tr(a) = Z a;i )

i=1
The torques, Tger1s Tacez, and Tz, Can be obtained by expanding the equation of motion

represented by Equation (4). By expanding Equations (9) to (11), it is feasible to calculate the
required torques needed to produce the observed motion of the system.

Tact1 = —E (12m3 + ml)Léglezsln(zez) - ﬁ (92 + 93)[4%01"1251"(282 + 293)
- §L2L39163m35in(93) - Edlgmlsln(el) + §L2L3COS(292 + 93)967713
1
+ ﬁ((IZm3 +my) L3 + (12m3 + my)L5c0s(26,) + 12L,L5cos(03)m;
- 1 - 1
+ 2411 + L23m2)96 + _L%COS(ZQZ + 293)66m2 + - (2m3
24 1 4 1 )
+my)L,cos(—6, + 6,)g + 7 (Zmsz +my,)L,cos(6, + 0,)g + ZL3COS(—92

1 1.
- 93 + Ql)gm3 + ZL3COS(01 + 02 + 93)gm3 - (E 93
+ 0,)LyL30,mssin(26, + 05)
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1 . ) 1
Tact2 = — §L2L30§m3sm(93) ~1 ((2m3 + my)L, + Lycos(03)m3)cos(—6,
1 1
+60,)9g — ZL3gm35in(—92 + 0,)sin(63) — Zngm3sin(91 + 0,)sin(63)
1 1
+ E ((E (12m3 + ml)Lz + L3COS(93)m3)L2

1 - 11
+ EL§c05(203)m2)9125in(262) +2 (E Lym,sin(265)

10)
: 1 (
+ Lymssin(03))Lscos(26,)07 + o ((2my + 24m3)L5 + 2L5m,

- 1 - 1
+ 24L2L3605(63)m3)95 + ﬁ (12L2L3COS(93)m3 + 2L23m2)94 + Z ((ng
+ mz)Lz + L3COS(93)TFL3)COS(91 + 02)9 - L2L3é2é3m35in(93)

1 1. 1 .
Tacts = _ZL3COS(_92 - 93 + el)gmg + EL%Q;}"lZ + §L2L3922m351n(93)

1 - 1 -
+ ﬁ(12L2L3cos(93)m3 + 213m,)0s + ﬁL%Bfmzsin(Zez + 265)

1 - 1 - 1 (1)
+ ZL2L3012m3Sln(292 + 93) + ZL2L3912m3Sln(83) + ZL3COS(81 + 92

+ 65)gm;

3. IMPLEMENTATION OF IMPEDANCE CONTROL

The schematic representation of the impedance control methodology is presented in Figure 2.
The implementation involves computing the forward kinematics and inverse dynamics
equations to obtain the desired interaction point position of the robot, based on the joint
angles. Any discrepancy between the derived position from forward kinematics and the target
position is transformed into an interaction force through multiplication by the spring constant
and damping coefficients. Subsequently, this force is multiplied by the transpose of the
Jacobian matrix, which results in the generation of torques at the joints. These computed
torques from inverse dynamics are then combined with the torques derived from the
impedance control approach to obtain the final torque that is ultimately transmitted to the
robot, thereby ensuring efficient control of the system.
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Figure 2. Schematic representation of the implementation of impedance control methodology
for robotic systems

Equation (12) presents the mathematical expression for the interaction force produced by the
Proportional-Integral-Derivative (PID) control method.

X34 — X3 J.C'3d - .7.C3 X2d X2
Fine =k |Y3a = Y3|+ b |y3a — V3| + if Y2a — Y2|dt (12)
Z3q — Z3 Z3d - 23 Z3q — Z3

In this study, an impedance controller utilizing a PID control algorithm is employed to
regulate the interaction force between the robot and the environment. The spring coefficient
and damping coefficient of the impedance controller are designated as k and b, respectively,
while the integral gain is represented by i. The target position of the robot's endpoint is
defined as x34, Y34 and z34 and is compared to the actual position of the endpoint, denoted as
X3, Y3 and zz. The position of the robot's endpoint is mathematically expressed by Equation

(13).
x3 = ((Ly + Lzcos(63))cos(8,) — Lysin(6,)sin(03))cos(6;)
v3 = ((Ly + Lzcos(603))cos(6,) — Lzsin(6,)sin(03))sin(6;) (13)

Z3 = (L, + Lycos(683))sin(6,) + Lzcos(0,)sin(63) + d4

To convert the interaction force obtained from Equation (12) into torques, it is necessary to
multiply it by the Jacobian matrix of the endpoint of the robot, which characterizes the
relationship between the joint velocities and the endpoint velocity. The mathematical
representation for the Jacobian matrix of the system is given in Equation (14).

rdx;  dx; dxs
6, do, do,
Jri1 Jriz Jri3
d d d
Jr = Y3 D3 DXl Jr21 Jp2z Jg23
do, de, ags| [[7 7
dz, dz; dz, £31 Jf32 Jrs3 (14)
46, do, do,l

Jr11 = —((Lz + Lzcos(83))cos(0;) — Lgsin(60;)sin(03))sin(6,)
Jr12 = =((Lz2 + Lzcos(03))sin(0;) + Lzcos(6;)sin(8s))cos(61)
Jr13 = —(cos(8;)sin(03) + cos(03)sin(6,))Lszcos(6,)
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Jf21 = ((L + Lzcos(83))cos(0;) — Lzsin(8;)sin(63))cos(6,)
Jr22 = —((Lz + Lzcos(63))sin(6;) + Lzcos(6;)sin(03))sin(6,)
Jr23 = —(cos(8)sin(83) + cos(63)sin(6;))Lssin(6,)

Jr31 =0

Jr32 = (L + Lzcos(83))cos(0;) — Lssin(8;)sin(63)

Jr3z = (—sin(8;)sin(63) + cos(6;)cos(63))L3

The computation of impedance torques, 7., involves the multiplication of interaction forces
by the transpose of the Jacobian matrix. This process is formalized mathematically in
Equation (15).

Te = ]}:Fint
Ter = —((Ly + Lzcos(63))cos(6,) — Lysin(0;)sin(03))(—F,cos(6;) + FEsin(6,))
Tez = (—(Ly + Lzcos(03))Fycos(0,) — E,Lysin(6,) — E,Lzcos(83)sin(6,)
— F,L3sin(63))sin(0,) — (—=F,L, — E,L3c0s(603) + E.L3cos(6,)sin(03) (15)
+ F,L3sin(6,)sin(63))cos(6,)
Te3 = —(((Fccos(61) + E,sin(6,))cos(63) + F,sin(83))sin(0;) + ((Fycos(0,)
+ F,sin(6;))sin(63) — F,cos(63))cos(6;))L3

In Equation (15), the F;;,; force components along the x-axis and y-axis are denoted as F,, and
F,, respectively. The overall torques acting on the system are the summation of actuator
torques and impedance torques obtained from Equation (8) and Equation (15).

4. NUMERICAL APPLICATION

The present study focuses on a robot system with specific physical parameters, such as
dy =0.2625m, L, = L3 = 1m and m;y = m, = m3 = 5 kg. As per the provided scenario,
the robot's endpoint sequentially moves from its initial position at point 1 to reach point 8
using ramp function, as depicted in Figure 3. The robot's endpoint exerts a steady force of 50
N on the plane defined by points 1, 2, 3, and 4.

25 .
20 o8
N 15 - 70

I
15 -1.5

Figure 3. Numerical representation of the robot system and its motion trajectory

The desired point location from point 1 to point 8 is given in Table 2.
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Table 2. Desired Point Locations.

Point No X [m] Y [m] Z [m] Point No X [m] Y [m] Z [m]
1 0.3 1.3 0.25 5 -1.2 1 1.55
2 1.3 0.3 0.25 6 -0.2 1 0.55
3 0.3 0.3 0.25 7 -1.2 1 0.55
4 1.3 1.3 0.25 8 -0.2 1 1.55

To apply a consistent force of 50 N to the surface while the robot's tip point moves along the
path from point 1 to point 4, we incorporate the 50 N force from the tip point to the ground
into the interaction force specified in Equation (16).

Fint,modified = Fine + 50

0
0 ‘ (16)
—1

The optimization process for the coefficients k, b, and i in Equation (12) is guided by an
objective function, which is mathematically expressed as Equation (17).

t2

fonj = f(x3d —x3)% + (V3q — ¥3)* + (234 — 23)% + (F, — 50N)2P1-4 (17

t1

The optimization process of the coefficients k, b, and i in Equation (12) is performed by
formulating an objective function that incorporates the square of the difference between the
actual and target positions, commonly referred to as the distance error. Additionally, the
objective function involves squaring the difference between the force applied by the endpoint
and the surface formed by points 1 and 4, set to a constant value of 50 N. The aim is to
minimize this objective function to reduce the distance error. The parameters used for The
Bees Algorithm are specified in Table 3.

Table 3. The Bees Algorithm parameters

n m e nep nsp ngh Pmax Pmin
10 7 4 5 3 0.1 [250,50,20] [0,0,0]

3. RESULTS AND DISCUSSION

The outcomes of the PID-based impedance control parameters optimization via The Bees
Algorithm are tabulated in Table 4. The optimization process encompassed 1000 iterations.

Table 4. The results of The Bees Algorithm

Initial Objective The Bees Algorithm Resulting
Initial Conditions Function Result Objective Function
k b i k b i
238.84 | 49.62 | 10.66 6602.60 79.17 | 3241 | 6.65 3374.35

The convergence graph during the optimization of the objective function shown in Figure 4.
The reaction force of the plate is shown in Figure 5. The force exhibits two peaks, measuring
54.01 N and 31.21 N, respectively. The final positions of the robot during the scenario are
depicted in Figure 6.
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Figure 4. Convergence graph of the objective function.
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Figure 6. Movement of the robot’s endpoint
CONCLUSIONS

In this study, the position of the endpoint of a 3 DOF robot was controlled using the
impedance control technique. During the movement of the robot's endpoint on a plane, a
change was made to the impedance force to apply a workload of 50 N. The applied workload
exhibited peak errors of -37.5% and +8%. In addition, the impedance controller parameters
were optimized using The Bees Algorithm. With an initial condition from a previous study, an
improvement of 48.9% was achieved through optimization.

This study demonstrates that the impedance control technique can be used to apply a force in
a desired direction while the endpoint of the robot moves along a trajectory. Future studies
may consider exploring the use of this technique on surfaces other than a plane, such as in the
polishing of surfaces. Overall, this research contributes to the development of advanced
control techniques for robotic systems, with potential applications in various fields including
manufacturing, healthcare, and beyond.
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