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ABSTRACT

Flexibility control and vision of robots are important acquisition and feedback links in robot control, and
the study of multi-sensor data fusion is becoming more and more important as the complexity of robot
tasks increases. This paper describes the robot kinematics and inverse kinematics process by studying the
knowledge of D-H model theory and parameter definitions in the machine kinematics model, reveals the
changing relationship between the robot joint control and end pose, and establishes a kinematics-based
vision servo control model. On this basis, the coupling error compensation algorithm is used to combine
the visual position control quantity as well as the force sensing position correction quantity to form the
final visual and force sensing supple control strategy. Meanwhile, for the lack of adaptability of classical
impedance force control on unknown constraint environments, a two-fuzzy adaptive sliding mode
controller is designed according to the Lyapunov stability theorem to drive the robot end in order to
achieve the actual position tracking expectation. The results of simulation experiments and motion
contour tracking experiments show that the control algorithm proposed in this paper has better control
accuracy and is more robust to noise and uncertainty, and the controller is also able to reduce the eftect of
torque saturation on the robot system.

Keywords: kinematic modeling, visual servoing, supple control, adaptive sliding mode controller; robotics

1. Introduction

Robots play an indispensable role in the field of industrial automation, usually with their high repetitive
positioning accuracy, high stability and good reliability, they have a broad application background in the
automobile manufacturing, logistics and handling, automated production and other industries, and are
often used to replace the operator to complete the high work intensity, high speed and unitary tasks [1-27].
In recent years, rapidly developing industries such as life sciences, medical electronics, new energy industry,
warehousing and logistics, as well as emerging manufacturing industries such as 3D additive
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manufacturing, precision assembly, etc. are also relying more and more on robotics. Therefore, robots are
considered to be the cornerstone of manufacturing and new service industries, with the advantage of
producing high-quality and adaptable products at minimal cost [ 3-47]. Because of the increasing number
of robot applications, the requirements of robots in the workplace are gradually increasing, and smart
manufacturing requires robots to be applied with a high degree of autonomy and precision, as well as a
higher degree of safety, which requires robots to have the ability to perceive and self-regulate the
environment. The robot's ability to interact with the unknown environment is particularly important in
robot control technology, intelligent robots should have the ability to collect the environment and analyze
the working state, through its own sensor feedback and self-check, analyze whether the working
environment is normal, and always detect the working state during the work process, can be self-corrected
[5-87.

Robot according to the work scene can be divided into contact and non-contact, non-contact refers to
the robot in the workspace action and the end of the end of the contact force is not required or the end of
the end of the load, only the robot position control. Contact refers to the robot in the work with the outside
world contact control position and requires the robot and the environment of the contact force between
the fixed range, this research robot in a particular environment to ensure that has a high position servo
stiffness and the need to ensure that its and the constraints of the environment between the contact force
method, known as the supple control [9-127]. Robot pliable control refers to the robot in the working
process through the force sense or mechanical structure adjustment to make the action more reasonable,
can avoid irreversible damage to the robot due to measurement error or program error, improve the service
life of the robot, to ensure the safety of the robot in the work of [ 13-147.

Vision is an important source of information for robots to understand the surrounding environment, and
vision-based servo control has been a hot topic in the field of robotics, in the face of complex operating
environments, vision can obtain more external information, which can further improve the safety of the
robot operation, so the visual servo technology has been continuously developed [[15-167. Image visual
servo can be used to solve the problem of interactive operation in the flexible control of robots, the use of
external sensor-based image visual servo assembly robot in line with the development needs of visual
assembly, which can reduce the robot switching back and forth in a number of tooling environments, but
also has a strong superiority in the positional control accuracy, convergence area, and the ability of anti-
Jamming for complex working environments [[17-207.

The study is based on the knowledge of the D-H model theory and parameter definitions in robot
kinematics modeling, describes the robot kinematics and inverse kinematics processes, and introduces the
robot Jacobi matrix revealing the functional relationship between the differentiation of the robot's end
coordinates and the joint differential transformations. Subsequently, the visual servo closed loop is derived
based on the camera projection relation to establish the visual servo control model. Considering that vision
and force are physical quantities of two natures, a coupled error compensation algorithm is used to combine
the visual position control quantities as well as the force-aware position correction quantities to design a
visual servo-based robot suppleness control method. The scheme adopts end-velocity based PID controller
in the visual control model, combined with Jacobi matrix estimation algorithm to improve the trajectory
tracking control ability of visual control, and adopts double fuzzy adaptive sliding mode control in the
tforce control model, which systematically improves the system's suppleness control ability. Finally,
simulation experiments and motion contour tracking experiments are carried out using the MATLAB
toolbox to test the feasibility of the proposed visual servo-based robot suppleness control method.

2. Robot motion control methods

2.1. Robot kinematics

A tandem robot is an open-chain mechanism that starts from a base and is connected by connecting rods
and joints in a certain order, a typical example is a six-axis robotic arm. Tandem robots have a large
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workspace and fast motion speed, but the inverse solution computation is more complicated. The D-H
modeling method is widely used for kinematic modeling of robots, which fixes a coordinate system on each
linkage, and describes the spatial positional relationship between two neighboring linkages using a 4x4
chi-square transformation matrix [217].

2.1.1.  Forward kinematics. Based on the modules that make up the robot, a base coordinate system is
established, the position relationship between modules is obtained by transforming the coordinates, and
the correlation between the motion directions of the modules is clarified, so that the orientation of the end
points of the modules under the base coordinates can be obtained.

Setting the form of coordinate transformation of the robot module from j—1 to | as ::_l, and the
number of joints at the module connection as A, the base coordinate system is structured according to the

center axis of the motor rotation platform of the first module, and based on this, the coordinate system of
the relative motion of joints |;(j=12,---,A) and X,Y,Z axes is created. Then the joint coordinate

. . i—1 .
transformation matrix T is:

cos@; -sing,cosa; sind;sina; a;Ccoso,

T _ sing; cosf,cosa; —cosd;sina; a;sing,
' 0 sing cosq, d,
0 0 0 1

(1)

0; is the rotation angle variable of the moving joints; d; is the travel distance of the sliding joints;
a; is the angle of projection of the neighboring axes in the plane perpendicular to the common normal;
and «@; is the joint length.

The following coordinate transformation matrix T ~ T between adjacent joints is thus derived to
accomplish the transformation of the module end-eftector to the base coordinate system, i.e:

cosg, 0 sing O

_|sing 0 —cos¢ O
1o 1 0
0 0 0 1

cosd, -sing, 0 1,cosé,
o sing, cosd, O 1,sind,
T =
1
0

0 0 0
0 0 1

Assuming that the base coordinate of the end of the modular actuator is (py» P, P,) , the total
coordinate transformation between the modular robot end-effector and the base is given by:

nX OX bX pX

-~ n, oo b p
T ©

0O 0 0 1

n,,n,,n,,o0,,0,,0,,b,b,b s the sine or cosine corresponding to the direction of the X,Y,Z -axis,

respectively. The formulas for each trigonometric function are respectively:
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n, =cosé, cosé, cos(é, +---+86,)+sing, sin(é, +---+46,)
n, =sing, cosd, cos(d, +---+6,) = cos o, sin(&; +---+06,) (4)
n, =siné, cos(, +---+6,)

0, =siné, cos(é, +---+6,) —cos b, cos b, sin(G; +---+6,)
0, =—sin ¢, cos &, sin(@,; +---+6,) —cos &, cos(&; +---+6,) (5)
0, =—siné,sin(6, +---+6,)

b, =cosé,sin 6,
b, =sind sin o, (6)
b, =—cosé,

2.1.2.  Reverse kinematics. Inverse kinematics is utilized to ensure that the robot's kinematic attitude can
be performed as expected. The rotation angles of the corresponding joints of the modular robot are
obtained inversely by the traversal iteration method based on the known base coordinate variations.
Based on the variable parameters of forward kinematics and the total coordinate transformation equation
(3), so that the angle transformation matrix T,(6,,---,6,) satisfies T,(6,,---6,)=3T and the
corresponding positional elements are consistent, assuming that the set of unknown variables to be solved

is { (), f, (0)} . When the range of values of each variable is known, the computational problem, i.e.,

the problem of solving a system of multivariate nonlinear equations, cannot be solved directly. Therefore,
the computational problem is turned into a functional global optimization problem, which requires the use
of the energy function, i.e.:

a(j)=31,©) -

The corresponding constraint for this problem is ®(]j) <A, , where Ay, is a sufficiently small
accuracy threshold. Therefore, the process of computing the inverse kinematics of a modular robot using
the traversal iteration method is described below:

1) Set the maximum number of iterations with the accuracy threshold.

2) It the constraints are valid, the selection terminates, and the obtained value of 1(6,,--+,6,) is the
solution value of the inverse kinematics; if the allowed number of iterations is exhausted and the constraints
are still not satisfied, then the operation is terminated and proceeds to the next step.

3) Update the value of the parameter of the maximum number of iterations and the range of values of the
corner variables, calculate each corner variable using equation (7), complete 1 traversal calculation, and
obtain the ®(i) minimum value and its corresponding variable result in this operation stage.

4) According to the results of the variables obtained in the previous traversal calculation, consider the
neighboring intervals to which they belong as new moving ranges, complete another traversal calculation,
and update the ®(i)-minimum values and their corresponding variables.

5) The cycle is repeated, and the inverse kinematics operation is ended when the convergence conditions
such as the number of iterations or constraints are satisfied.

2.1.3.  Robot Jacobi Matrix. The differential transformation of the robot end coordinates is a function of
all joint differential variables, which can be represented by a matrix whose elements consist of the
differential translation and differential rotation vectors of the joints, which is called the Jacobi matrix, and
each of its columns has elements of the differential translation and differential rotation vectors of the
corresponding joints, reflecting the mapping relationship between the operation space and the joint space
[227.

The robot forward kinematics equation can be expressed as:

r=k(0) (8)
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where e |R™ is the position vector of the robot end and @< IR" is the robot joint angle vector.
Differentiating the above kinematic equation equation. Can be obtained:

r=1J_(0)8

J,(0) = —akaf) e IR™"

(9)
where I is the generalized velocity of the robot end in the operation space, J,(€) is the mechanical

Jacobi matrix from the robot node space to the task space, and § is the joint velocity in the robot joint
space.

2.2.  Visual servo system modeling

Visual servoing is categorized into position-based visual servoing and image-based visual servoing [237].
In position-based visual servoing, the camera is fixed somewhere in the world coordinates, the field of view
is unchanged, and the geometric relationship between the workspace and the camera is unchanged, so it
can be calibrated offline, but the robot may block the field of view when it is moving. In image-based visual
servoing, the camera is fixed on the robot. In this paper, we adopt the “eye on hand” approach, i.e., the
camera is fixed on the end-eftector, so that the field of view will not be blocked when the robot is running.

The visual projection method used in this paper is transmission projection, the principle is small hole
imaging, projection projection shown in Figure 1.

The xyz-axis constitutes the coordinates of the camera, the origin 0 is the midpoint of the projected
image, and the z-axis is perpendicular to the camera plane. The main point is the intersection of the

imaging plane and the Z-axis, which is denoted as [Or,Oc]T,(-)T for transpose; the distance from the
origin to the main point is called the focal length, which is denoted as A; S, is the pixel density of the
imaging plane in the horizontal direction, and S, is the pixel density of the imaging plane in the vertical

direction. Assuming that a fixed point on the imaged objectis P, and the camera coordinates are [X,Y,z]",
then according to the triangle shape theorem, we get:

HEH o

[u,v]" represents the camera coordinate value of the imaging point when point P, is projected onto

the imaging plane.
In general, the axes of the pixel coordinates are opposite to the axes X and Y of the camera

coordinates, and p=[r,c]" is defined herein as the pixel coordinate of the point P, when it is projected
onto the imaging plane, from which the following relationship can be established:
u

Vv
I’=—+Or,C=S—+OC (11)

S, y

Deriving both sides of the equal sign of Eq. (11) with respect to time gives:
p=1J,(p,2)¢(t) (12)
where &= [VX ViV 0, 0, O, ]T €l]® denotes the velocity of motion of the camera coordinate origin with
respect to the world coordinates, and contains the angular velocity [a)x,a)y,a)z]T and the linear velocity

[VX,Vy,VZ]T; J, €0 *® is the Jacobi matrix of the image, which represents the mapping between the

velocity of motion of the point in the camera coordinates and the pixel velocity of the imaging plane. And
for multipoint servoing, the image Jacobi matrix can be expressed as:
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‘]Im(pl’zl’ P2 Zys s P Zm) =

A 0 u, s,U,V, A2 +s’u’ y
$,2, Z, y) s A .
2 2,2
0 A v AT+, A u,
SN S A
. : (13)
A o U s,u_v_ A+slu ’ y
S, Z,. Z, A s, A "
2 2y, 2
0 AV, AT +s,V, _S,UVy u
I S,Zn  In s,A A "]
Where J, (P1,Z,"**, Py Zp) is a matrix made by superimposing the Jacobian matrices of the images of

multiple feature points; P;,Z,U; and V; are the values belonging to the ith feature point, and 1<i<m,
M denote the number of feature points.
“Eye in hand” means that the camera coordinates and the end-effector are relatively stationary, which

gives:
p=13,(p,2)J,(0)0(t) (14)
For multiple feature points, there is:
[plT’"" p;]T :Jlm(pl’zl"'W pm’zm)‘]r(g)é(t) (15)
y
A
Principal point
________ N
v Image object
> 7
oN—T— e L
Image plane

Fig. 1. Basic principle of projection

2.38. Robot impedance suppleness control

Flexing control is realized by adding a flexing device between the robot end and actuator, such as a spring,
elastic ball and other devices to produce a certain flexing ability when the tool contacts the workpiece and
there is a deviation between the actual contact force and the desired force, and adopting the position control
method to achieve the purpose of force control [247].

The interaction between the robot and the environment can be described by the impedance model, and
impedance control is a more mature and widely used method of active suppleness control. In practice,
impedance control can be subdivided into position-based impedance control and force-based impedance
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control, i.e., conductance control and impedance control. Conductive control converts the contact force of
the robot arm with the environment into position information through the controller in the outer loop,
superimposes the position correction onto the initial target position, and realizes the motion control of the
robot arm through the position control inner loop. The impedance controller in the outer loop of the
impedance control converts the deviation between the actual and desired position into a force/torque signal
to calculate the desired joint drive force, and realizes the motion control of the robotic arm through the
inner loop of the force control. The relationship between force/torque and displacement in impedance
control can be equated to the relationship between force and elastic deformation in a “spring damped
system”. Ideally, this can be simulated by a spring-damped system. The impedance control relationship can
be expressed in equation (16):

My [ X ()= Xy () ]+ By [ X (0= Xy (0) ]+ K [X (1) = X, 0] = F.(1) - Fy ®) (16)

where My, B;,K; denotes the inertia parameter, damping parameter and stiffness parameter desired by

the impedance control, respectively, and the positive definite diagonal matrices X,X and X, which are
defined as NxN, denote the actual acceleration, velocity, and attitude of the robot end in the workspace,
and X4, X, and X, are the desired acceleration, velocity, and attitude of the robot end in the workspace,

respectively. F, is the actual contact force/moment between the robot end and the environment, and F
is the desired contact force/moment between the robot arm and the environment.

2.3.1.  Force-based impedance control. The force-based impedance control is shown in Fig. 2, including
the impedance control outer loop and the force control inner loop. The impedance control outer loop

calculates the joint force (X,X,X) moment desired by the impedance model through the impedance
controller based on the actual motion state 1 information of the robotic arm and the desired motion state
(X4 X4, Xy) information, and takes this force ' moment as the input to the inner loop force controller

to control the motion of the robotic arm so that the force between it and the environment follows the
desired force.
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Impedance
characteristic

A

Force R Robot
controller ”
Impedance P X
controller A

Fig. 2. Force-based impedance control

The force-based impedance control is characterized by the conversion of positional deviation quantities
into force-related quantities, as shown in the conversion relationship in Eq. (17):

M (X, —X)+B(X, - X)+K(X,—X)=F (17)

where M,B,K is the impedance model parameters, X,X and X are the actual acceleration, velocity

and position of the robot end in the workspace, Xy, X, and X, are the desired acceleration, velocity and
position of the robot end in the workspace, and F is the output of the impedance controller. The
relationship between robot end position and joint angle is:

X =L(0)6 (18)

where § is the joint angle of the robotic arm and L(€) is the positive kinematics.

The relationship between the end velocity of the robotic arm and the joint angular velocity, and the
relationship between the acceleration and the angular acceleration are shown in Eqs. (19) and (20),
respectively:

X =J(6)6 (19)
X =J(0)0+J(0)0 (20)

where J (@) is the Jacobi matrix. The force calculated by the impedance controller can be used to calculate
the driving moment of the joints of the robotic arm through Equation 7= J7(6) F., so that the end

position of the robotic arm can be controlled with the contact force | moment. Through the above
expression, it can be seen that the impedance control based on force, the essence of which lies in the control
of the driving torque of each joint of the robotic arm, adjusting the end position of the robotic arm to realize
the desired force control.

2.3.2.  Position-based impedance control. The position-based impedance control is shown in Fig. 3 and
consists of an external impedance controller and an internal position controller. The outer loop of
impedance control is responsible for converting the force into position and the position controller of the
inner loop is responsible for the motion control of the robot. The impedance relation expression is:

M, &+Be+Ke=f —f, (21)

The Laplace transform of Eq. (21) in the frequency domain yields the conductance control transfer
tunction:

1

H(s) =
©) M,S?+B,S +K,

(22)
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Inverse Position
. . > Robot
+ kinematics + controller
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Fig. 8. Impedance control based on position

The conductivity control equation can be viewed as a second-order low-pass filter to filter the force
between the robot and the environment. The conductivity control obtains the interaction force between
the robot and the environment through external force estimation or force sensors, converts the information

of the contact force F, between the robot arm and the environment into the position information of the
end of the robot arm, superimposes it to the initial target position of the robot arm to obtain the reference
end position X,, and controls the position and contact force of the robot arm through the position
controller of the inner loop. Then:

X, =X,+e (23)

According to the contact between the robotic arm and the environment can be divided into two cases to
describe, the first is the robotic arm and the environment does not contact, that is, F, =0, at this time the
conductor system does not produce displacement correction amount, thatis, e=0, at this time X =X,
the robotic arm is in the general position control mode. The second is that the mechanical arm and the
environment produce force, that is, F, #0, at this time, the conductor system produces displacement

correction amount, thatis, e =0, the end reference position of the mechanical arm can be calculated from
the formula (23), and then converted into the joint angle by the inverse kinematics and inputted into the
position controller of the inner ring, so as to realize the position control of the mechanical hip.

3. Soft and smooth control of robots based on visual servoing

3.1. Hybrid control based on vision/force position compensation

3.1.1.  Hybrid control based on vision/force position compensation. In the robot vision control process,
when the dynamics is not considered, e(t) and u are represented as the feedback error and the control
quantity of the system, and in general, the feedback error €(t) is represented as the image spatial

coordinate error, and the control quantity U is the angular velocity of the robot joints or the velocity of
the end position, so the following PID control law can be established:

u=K_e(t)+K, > e(t)+K,(t)et)-et-1) (24)

Assuming that the robot is in the constrained environment coordinate system E; and the end is
tracking the desired trajectory Xy,J, from the current position X representing the image Jacobi matrix
from the task space to the image space and varying with the robot's end position, the image trajectory
mapped to the image spaceis Y — Y, and satisfies the servo model equation:

y=J3,(NX y—- vy, (25)

Therefore, the desired trajectory tracking of the robot end can be realized by trajectory control in the
image space in the visual servo system. In this paper, we take the robot kinematics as the basis, and combine
the PID control algorithm with the design of the image-based inverse proportional visual servo controller,
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to realize the tasks such as trajectory tracking control of the robot end actuator according to the image
position error €. Its control rule can be generally expressed as:

u, =-K,e, +¢, (26)

Where, U, is the image space control signal, ¥ is the velocity vector of the robot end feature point in

the image space, K, =Kl is the constant proportional gain for image deviation control. €, is the
. o U . o
image position error, denoted as e, =€, = I:eyl e,, | thegeneral desired position as a constant, such that

€, =Y, then the image-based robot end position control rule is shown in Eq. (26), and when the appropriate

constant K, is taken to satisfy t— 0,8, >0, and Eq:
y+K,e =0 (27)
u, =-K, e, +y (28)

In order to normalize the feedback error and the control quantities to the same space, a spatial
transformation through the J,*-matrix is required, and the control quantities mapped to the Cartesian
space are:

x,=J,7u, =—K_J, ", +J,7y (29)

3.1.2.  Hybrid control strategies. In a robotic system, assuming that the robot end with respect to the
machine origin is represented in the robot base coordinate system E, as X=[x,X,, X]', X and @ are
the linear and angular velocities of the robot end's position in the tool coordinate system, and J..(0) is

the robot Jacobi matrix, the velocity of the end-effector f can be represented by the linear and angular
velocities as:

.o X -
r=v= L{J =J,(60)0 (30)

Using 6, as the control input U, the relationship between the end speed and the control quantity can

be expressed as:
v=1J(00)6=J_(0)u (31)
Therefore based on the mixed force and visual control rules for:

-1 -1
u=J.@)v, =J, (@), (52)
ux = Vx = va +fo
Where, V,, is the visual position control end velocity quantity and VY, is the impedance force control
end velocity quantity.
The velocity quantity can be expressed by the position change quantity, so its each independent control
rule is:

{va = Xv(t) - Xv(t _1) = Xy
(33)

Ve =X, (1) =X, (-1 =X,

However, in the position velocity V, control based on vision trajectory and force, the vision-based

position control and impedance force control are strongly coupled, and it is difficult for the system to reach
a state where the steady state error is equal to zero, thus the control algorithm is needed to try to ensure
that the system is in a steady state equilibrium state.

To address the control coupling factors present in the hybrid control process of vision and force
perception, this paper adopts a hybrid force/vision compensation model based on error compensation
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according to the geometric model of the constrained surface [257. Thus the hybrid control model rule can
be jointly represented by the visual control quantity X,, the force-perception control quantity X; and

the error compensation control quantity X :
Uy =X, + X¢ + Xpe (34)

When the robotic system is subjected to constrained motion under the control of the hybrid control
algorithm, variable ¥ is defined as the amount of coupled interference induced by the visual and force
control quantities to the force and bit control quantities, respectively, which can be represented by a
selection matrix:

W =X WX, W, = SR(I-S)¢R'X; + SRS SR'X, (35)

Define ¢ as the coupling factor and satisty 0 €[0,1], and § is affected by the change of the curvature
parameter, in order to adapt to the unknown change of the environmental parameter, it can be adjusted by
a one-dimensional fuzzy controller for ¢.The Gaussian function is selected as the affiliation function, and
its adjustment rule is: In the constrained motion, if the curvature of the constrained environment varies
greatly, the corresponding coupling factor ¢ 1is taken to be larger, and if the curvature is relatively smooth,
the coupling factor ¢ is chosen to be smaller and tends to zero. Then the hybrid compensation formula
can be expressed as:

X =0y =0-(§R(I=S)¢R'X, + RS ER"X,) (36)

where §R represents the rotation matrix of the constrained coordinate system E  with respect to the

tool coordinate system E;, S e IR*® is a selection matrix representing the force control direction, and
| —S represents the selection matrix of the bit control direction.

According to the above visual/force control equations for each control quantity, the hybrid control

equation can be expressed as:
U, =X, +X; + X

1L -1 1.

X, =Jd,u, ==K Je, +J,7y

X¢ =(m & +d_ € +ke )k k

Xpe =0 -(SR(I=S)sR"X; +¢ RSJR'X,)

(87)

3.2. Visual/force perception based adaptive suppleness control

3.2.1.  Design of the fuzzy control system. The fuzzy control adaptive pass approximates the gain of the
sliding mode control law [267]. The control output of the system is:

> o T X)

y="0— =& ¥(x) (38)
2 [ 1, ()
. _n /ui/uin(xi*)
Where’ g:[81!""gm""gM]T!\P(X)=|:¢1(X)!"'!¢m(x)!"'v(0M(X):I ) (D”(X):I:ln— ’ M s

M=

_ ﬂim (X.*)

i=1

=3
N

the number of fuzzy rules N is the number of fuzzy control inputs.

3.2.2.  Sliding mode control based on fuzzy gain adaptive tuning. The control law based on fuzzy gain
adjustment is designed as:



1016 WU AND YU

r=Hq, +Cq, +G—As—K(7) (39)

Where: K = [kl,“-, ki,"-,kn], ki is the output of the ird fuzzy system.
1) Design of tuzzy rules:
Substituting Eq. into Eq. gives:
Hs+(C + A)s =Af — K (40)

where Af = AHQ, +AC_q, +AG,AH=H -H,AC=C—-C,AG =G -G, if the gain K is pass approximated
using fuzzy control and the Lyapunov function is defined:

V=lshs (41)
2
Then:
v :%[§THs+sT Hs +s" Hs] =%[25T Hs +s' Hs] (42)

s'[-(C+ A)s+Af —K +Cs] =
S'[-As+Af —K]=s"[Af —K]-s"As =

n

Y[s,Af, —sk;]—s" As

i=1

[t follows that to ensure that V is negative, SK; >0 should be made, i.e., to ensure that S has the
same sign as k;. At the same time, consider SAf; —sk;. When |s;| is large, in order to ensure that V'
is a large negative number, it is desirable that |K;| be large; and when |S;| is small, V is guaranteed
to be negative by keeping |K; | a small value.

If S; is used as the input to the rule, the fuzzy rule can take the following form:

IF s is A" THEN k is B

where A" and B are fuzzy sets.

The thesis domain of §;,K; is chosen to cross-fuzzy them into 7 classes defined as follows:
s, ={NB,NM, NS, ZO, PS, PM, PB} (44)
k, =(NB,NM, NS, ZO, PS,PM, PB) (45)

Denoted as {-3,-2,-1,0,1,2,3}, which corresponds to negative large, negative medium, successively
negative small, zero, positive small, positive medium, and positive large, respectively. The affiliation
tunction used to represent the fuzzy sets is designed as:

2
Al (46)
o

The output of the fuzzy system is:
M m
réLgki zuAm (Si)

ki M
E:l,uAm (s)

=5 ¥ (s) (47)

Among them:
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T
1 m M
gki :I:gki’.“’gki'.“’gk- jI

¥, () =[0h ) ol s) ol ()]

o (48)
A T —
s (x)
2) Design of adaptive fuzzy sliding mode control law:
From equation (39):
H, =—(C+A)s+Af —K (49)

Take k.

= ‘9;[1 ‘I’ki (S;) to be the generic approximation of the ideal Af;. By the universal approximation
theorem, there exists @, >0 with |Af, —q:d b S a.

Definition &, =& —é&, . The adaptive law is chosen to be &, =5¥ (s;).

3.8.  Proof of Stability

Define the Lyapunov function:
V_—s Hs+= Z(gk (50)
Of which: ‘C::ki = gk, _8km . then:
T AT TS Pt
= [ THs+s"Hs+s HS]+§Z(8ki8ki + &k Ek)
i=1

:—[25 HS +s"Hs]+= ZZST_ =s'[Hs +Cs]+Zs S,

i=1

:sT[—(C+A)s+Af—k+Cs]+ZgIIEkI (51)

i=1
=§'[-As+ Af —k]+Zn:ngig_ki=—sTAs+sT[Af —k]+ig;§ki

i=1 i=1
:—sTAs+Zn:si[Af —ki]Jan:ngigki
i=1 i=1
Since k = ng. ‘Pki (s) +ngid ‘Pki (S), then:

V =-g' As+Zs[Af (E P, () +&, W, (s))]+z<9ki§ki

=1

=-s As+Zs[Af -& ¥ (s)]+Z( S ¥ (s))+25k5k
(52)
=—s' As+Zsi [Af, —&¢ W, (si)]JrZ(—siékTi‘{’ki (s)+&.5.)

=-s As+Zs[Af -& ¥, (S)]+Z (-, (5)+&,)

The adaptive law was chosen as:
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Eki :Si\Pki (s) (58)

And substituting into Eq:
V=-s"As+> s [Afi —& ¥, (si)J (54)
i1

There exist very small positive real numbers 7; that satisfy:
T
|Afi—& Y (S)<@ <y s (55)

Where 0<y; <1.then S |Af, —Ei:d\l"ki S)IEr s, |2:]/iSi2.

Le:
V,, —sTAs+Y 7t =D (—as’ +757)=>.(r,—a)s’ <0 (56)
i=1 i=1 i=1

where y=diag[y,---,7,*-7,], & >7;. The adaptive law (56) converges asymptotically only if s=0,
V =0. The resultant theory is derived as !I_EQ =lim(E+1e)=0 e, "tm —>(q =0y, !'_[Q q=0y.

t—o

4. The effect of soft and smooth robot control based on visual servoing
4.1.  Simulation verification

4.1.1.  Simulation design. This project uses the Robot System Toolbox in MATLAB to build a simulation
environment for robots, which mainly serves the design, simulation, and algorithm verification of robots.

Since the Robot System Toolbox itselt does not have the relevant tool models for force sensors and
cameras, it is necessary to model the force sensors and cameras. In the simulation environment, the camera
is fixed on the extension bracket at the end of the robot using the eye-in-hand camera mounting method,
and the pixels of the camera used in the simulation are 1024 X 1024 pixels. The length of a pixel on the x-
axis and y-axis in the image and the projection ratio of the length of the unit are 100 pixel/mm.

Also a force sensor and a force interaction tool is mounted on the end of the robot arm, in this project
simulation a rubber bar is used as a force interaction tool and the contact force is modeled using Mass
Spring Damping (MSD) model with the following equations:

f =K.ep' +Dg, +B,&, (57)

This simulation requires the robot to track a fixed target visual position and a fixed force signal in order
to simulate the process of robot mounting workpiece localization in the assembly process. The force vision
tracking process of the robot is divided into approaching and interacting processes. 0~3s is the approaching
process, which collaborates the robot to move from the initial position (0.358, 0, 0.6247)m to the target
point (0.8, 0, 0.5), and after that, the robot will stay at the position for 1s, after which it starts to perform
the force contacting task, and the target contacting force is set as 10N. The control parameters of the

system are set as Ksp =25,K, =50, Kfp =0.02,K;; =0.025 | In this experiment, the simulation time is set

to 25 simulation step is set to 0.001s. In the established simulation environment, the traditional force vision
parallel control and the proposed controller in this paper are simulated and analyzed respectively.

4.1.2.  Simulation results and analysis. The motion trajectory of the robot is recorded, and Fig. 4 shows
the motion trajectory of the robot end-effector in Cartesian space based on the visual/force-aware adaptive
supple control and force-visual parallel control, and Fig. 5 shows the error of the robot end trajectory with
respect to the desired trajectory for the two controllers, (a) and (b) for the force-visual parallel and force-
visual adaptive supple control, respectively.
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From the figure, it can be seen that the vision/force vision adaptive supple control algorithm converges
faster in the approach phase and catches up with the target trajectory at the location of (0.32, 0.052, 0.41)
m after 0.58s, while the force vision parallel control converges to the vicinity of the target trajectory at the
location of (0.82, 0.052, 0.39) m after 0.98s. Both controllers were able to follow the pre-designed
trajectories during the contact phase, and the visual/force-adaptive suppleness control stabilized at 3.65s
for the positional control, while the force-visual parallel control only stabilized at 5.22s due to the fact that
the two controllers, the visual tracking and the force-tracking, would interact with each other during
control resulting in a decrease in the tracking speed of the overall parallel controller.



1020 WU AND YU

—— Our method
Force vision in parallel
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Fig. 4. The motion trajectory of cartesian space
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Fig. 5. The error of the end trajectory and the expected trajectory of the two controllers

Fig. 6 shows the motion trajectories in visual space of the 4-point visual feature points acquired by the
camera mounted at the end of the robot, (a) and (b) for force-vision parallel control and force-vision adaptive
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supple control, respectively. The red dashed line in the figure is the target visual feature trajectory
generated from the target position trajectory, and the solid line is the trajectory composed of the visual
features acquired by the actual robot. From the figure, it can be found that the visual/force-adaptive pliable
control is able to converge to the target trajectory faster in the approach phase. In the approach phase, the
error between the visual feature trajectory and the target visual feature trajectory of the visual/force-
adaptive pliable controller is smaller compared to that of the force-visual parallel controller.
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Sé ol E ot P
L 200 F 200
- il ® ®
-400+ -400 \
-600 L -600 ) :
-600 -400 -200 0 200 400 600 -600 -400 -200 0 200 400 600
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(a) Force visual parallel control (b) Force-visual adaptive and compliant control

Fig. 6. The motion trajectory of the visual space

The torque outputs of the two controllers are shown in Fig. 7, (a) and (b) for the force-visual parallel
control and the vision/force-adaptive smooth control, respectively. From the figure, it can be seen that the
outputs of the two controllers are relatively smooth without serious jitter phenomenon, but when the robot
starts tracking and inputs the force tracking command, i.e., 8.2s, the robot's joints need a larger torque
output to track to the target position quickly.
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(b) Force-visual adaptive and compliant control

Fig. 7. Torque output of both controllers

Figure 8 shows the force feedback signals of the robot, from which it can be seen that the parallel
controller converges to the position of the target force signal at 3.3 s, while the visual/force-adaptive supple
control completes the convergence at 4.1 s. However, in the subsequent tracking process, the steady-state
error of the visual/force-adaptive supple control is maintained at 0.05 N, while that of the parallel control
is maintained at 0.011, which is more than a factor of 2. This is due to the fact that during force tracking,
the force control closure of the parallel force vision controller has larger weights, which makes the robot
prioritize the execution of force tracking commands, so the tracking speed is faster, but when stabilized,
the force error signal decreases, which makes the weights of the force tracking control closure decrease,
and the tracking accuracy is relatively worse. However, the vision/force-aware adaptive suppleness control
based on the vision/force-aware adaptive suppleness control is better in the overall control effect because
it uses the vision-guided model to combine the two control quantities, so it does not have the problem of
deterioration of the control accuracy due to the transformation of the weights.
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Fig. 8. Force-feedback signal of the robot

4.2.  Motion Contour Tracking Experiment

4.2.1.  Experimental steps. Programming on the PC through the Pandas open SDK, after the control
cabinet and the PC through the network cable interconnection, the program commands in real time from
the network port, the SDK in the control cabinet by a specific API call, SDK control motion board will
receive control information through the CoE (Canopen onEthercat) distribution of 6-point joints servo
motors. Similarly, for the acquisition of variables such as position, joint velocity, joint acceleration, and
motor torque output, the motion board collects the required information through the CoE and then feeds
it back to the program on the PC through the network port.

The experiment will be reproduced on the robot body according to the following steps:

Step 1: The force vision adaptive supple control algorithm in the previous section is written twice on the
PC using python language and the control PC is connected to the robot control cabinet through the

network cable.
Step 2: Check whether the robot holding brake, teach pendant, and control cabinet signal reception parts

are working properly.
Step 8: Teach the running trajectory through the teach pendant and run it. During the operation, the
spatial description of the trajectory points marked on the robot base is collected in real time by the PC.
Step 4: Power up and reset the robot again, so that the robot is located at the initial point of the last
trajectory run, so that the robot performs the same straight line as last time, in the operation of the human
conscious in the process of running at the end of the robot through the trajectory to place obstacles. During
this process the PC controls the robot through the control cabinet and records the trajectory in real time.

4.2.2.  Robot trajectory planning. The communication protocol between the host computer and the robot
adopts TCP/IP communication, and the oftline programming is written through the App Designer module
in Matlab to transfer the target point data. Through trajectory tracking, the error between the actual
position in the robot's visual acquisition and the calculated target trajectory can be obtained, and the error
in the X,Y direction is shown in Figure 9. The vertical axis of the figure is in mm, and the horizontal axis
is the number of points. From the figure, it can be seen that there is a certain acquisition error in the image
processed by the image, the error in the X direction is between 0-2.8mm, and the error in the Y direction
is between -2.9-3.9mm, and the error is mostly due to the effect of light on the image acquisition.
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Fig. 9. Error in the X and Y direction

In force control of a robot, it is necessary to plan the trajectory from the initial state of the robot to the
first point of the goal. Robot motion planning can be divided into path planning and trajectory planning,
path planning is to ensure that the robot from the initial point of action to the target point, the path is
determined, also known as Cartesian space-based path planning, trajectory planning is to add time nodes
on the path, which ensures that the robot in the process of movement of the joints of angular velocity and
angular acceleration without significant sudden changes to ensure that the robot movement is smooth and
shock-free. In order to ensure the smoothness of the robot's movement process, the subject uses the
quintuple polynomial interpolation method to plan the robot's joint movement, the first-order derivatives
of the quintuple polynomials and the second-order derivatives of the smooth trajectory, which can ensure
that there is no sudden change of speed and acceleration during the robot's movements.

The initial angle of the six joints of the robot is g, =(0 —pi 0 0 0 0). Assuming that the joint

angle corresponding to the target point is 0, =(pi /3 pi/6 pil/7 —pi/d pil5 pi /6), using the

polynomial interpolation function Jtraj() of the Robot Toolbox and the time set to t=[0:22] the step
size is 1, the joint angle interpolation of the fifth polynomial can be obtained as shown in Table 1. Figure
10 shows the angular velocity versus time for each joint. From the figure, it can be seen that the angular
velocity curve is smooth and the initial acceleration and final acceleration are 0. This planning can better
protect the robot joints and the smoothness of the motion process.
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Table 1. The change of joint Angle

Time 6, 0, 0, 0, 0, 0,
(6] (6] -1.56701 (6] (6] (6] (0]
1 8E-4 -1.56683 2E-4 -7E-4 0.0013 -3E-4
2 0.0087 -1.6527 0.0042 -0.0071 0.0053 -0.005
3 0.0285 -1.56148 0.0115 -0.0211 0.0162 -0.0143
4 0.0615 -1.4488 0.0262 -0.0462 -0.0878 -0.0302
5 0.108 -1.854 0.0464 -0.0811 0.0653 -0.0543
6 0.1711 -1.2289 0.074 -0.1273 0.1019 -0.0856
7 0.24383 -1.0791 0.1055 -0.1849 0.14779 -0.123
8 0.3326 -0.9056 0.1421 -0.2496 0.1992 -0.1664
9 0.4262 -0.7189 0.1827 -0.3192 0.2561 -0.2106
10 0.56238 -0.524 0.2238 -0.8927 0.3142 -0.2617
11 0.6209 -0.3287 0.2663 -0.4658 0.3721 -0.31
12 0.715 -0.1414 0.3067 -0.5369 0.4291 -0.3574
13 0.8 0.0312 0.3482 -0.6003 0.4806 -0.3996
14 0.8759 0.1821 0.3755 -0.6576 0.56255 -0.4388
15 0.9387 0.3069 0.4019 -0.7043 0.56631 -0.4692
16 0.9859 0.4029 0.4227 -0.74 0.56918 -0.4934
17 1.0203 0.4676 0.4368 -0.7647 0.6113 -0.5093
18 1.039 0.56061 0.4449 -0.7787 0.6232 -0.5197
19 1.046 0.6212 0.4484 -0.784 0.6273 -0.5229
20 1.0468 0.6237 0.449 -0.7857 0.6287 -0.5235
1.28

=

% 0.64

= 0.00

2 -0.64

-1.28

Fig. 10. The relationship between the angular velocity of each joint and the time

4.2.3.  Analysis of experimental results. Figure 11 shows the motion trajectory of the robot, and Figure
12 shows the deviation in both directions. When the robot is maneuvered by the teach pendant to do
circular motion along the XY plane direction, the running, at this time, the running trajectory without
external force, along the blue path running smoothly without fluctuations. In the running smooth
experimental verification path, it can be seen that in the interval without external force, the robot can also
run along the blue path smoothly without fluctuation, but in the interval with external force, the robot end
position deviates from the original position due to the external force. After bypassing the obstacle, the
robot is able to track the desired trajectory again immediately, which indicates that the robot is compliant
to the external force and has a certain degree of flexibility. In addition, when colliding with the obstacle,
the end of the robot is subjected to the force exerted by the outside world, at which time the end deviates
from the desired position. When the end moves away from the obstacle, the external force is withdrawn,
at which time the robot end tracks on the desired trajectory again. In terms of the error in both directions,
the error is kept within 0.002m when it is far away from the obstacle, which is within the jitter error
generated by the normal operation of the robot, and the deviation becomes significantly larger after the
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collision with the obstacle, which indicates that the robot's actual trajectory has shifted significantly in
order to conform to the external force at this time. In summary, the robot can have a compliant eftect on
the external force, that is, the adaptive supple control method based on visual servo designed in this paper
can well realize the control of the robot.
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Fig. 11. The movement trajectory of the robot
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Fig. 12. Deviation in the two directions of the robot
5. Conclusion

The study adopts a hybrid control strategy of vision and force, and the robot end adopts an adaptive
impedance-based supple control strategy, and a steady-state force error analysis is performed based on the
impedance relationship, which provides a good strategy for intelligent supple motion control of robots in
constrained environments. In this paper, simulation experiments and motion contour tracking experiments
are carried out using MATLAB toolbox.

1) Adaptive Flexible Control Strategy Based on Visual Conductivity Due to the use of the visual
conductivity model to combine the two control quantities of vision and force perception, there is no
problem of deterioration of control accuracy due to the transformation of the weights, so it is more effective
in the overall control. Comparative simulation experiments are conducted using the vision-based adaptive
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smooth control and the force-vision parallel controller to verity the superiority of the vision-based adaptive
smooth controller in terms of control accuracy.

2) The experimental results of motion contour tracking show that the robot can run smoothly and without
tfluctuation along the target path in the interval without external force, but in the interval with external
force, the robot end position deviates from the original position due to the external force. After bypassing
the obstacle, the robot can track the desired trajectory again immediately, which indicates that the robot is
compliant to the external force and has a certain degree of flexibility. The effectiveness of the visual-
perceptual adaptive suppleness controller in control accuracy is verified.

In this paper, some simplifications have been made in some modeling assumptions, and many of the work
is not very rigorous to accurately match the actual environment, limited by the experimental platform and
research time. There are certain problems and room for improvement, which include:

1) In the impedance control experiments, other influences in the actual operation of the robot are ignored
during the operation, while in the impedance control law and in the impedance control law without end
sensor, the position deviation is calculated but is the key input in the control law, and the impact of sudden
disturbances on the robustness of the system during the operation is not taken into account. In practice,
for good human-computer interaction, safety measures such as signal limiting and peak clipping should be
set.

2) Due to certain limitations in the way of image acquisition, resulting in a large error in the acquisition of
the coordinates of the target point, the future vision acquisition can be collected LIDAR and camera data
tusion, to improve the accuracy of the acquisition of the target point, but also can be applied to more work
scenarios.
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