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A disturbance observer-based hybrid sliding mode impedance control method is proposed in this paper, which is able to achieve
robot end constant contact force-tracking control without force/torque sensors. The method requires only the values of joint
torque, joint angle, and joint angular velocity, which are converted by robot servo motor signals, to implement the control. The
control scheme consists of two parts: one is a disturbance observer and the other is a hybrid sliding mode impedance controller.
The disturbance observer, which takes robot internal signals mentioned above as the inputs to estimate the robot end contact
force, is designed based on generalized momentum, thus improving the estimation accuracy. The hybrid sliding mode impedance
controller, which uses the values estimated by the disturbance observer and the robot internal signals as the inputs to calculate the
corresponding position adjustment, integrates both the impedance control and sliding mode control, thus improving the force-
tracking performance and robustness. Experimental results show that the proposed disturbance observer-based hybrid sliding
mode impedance control method possesses high control precision.

1. Introduction

With the application of industrial robots in different
production fields, more and more attention is paid to the
contact force between the robot end and the external en-
vironment. To avoid damages to the robot caused by ex-
cessive contact between the robot end and the external
environment, the contact force should be controlled with
high precision. Force/position control, impedance control,
and admittance control are several classic force control
methods for robots [1, 2]. However, there exist certain
limitations in these methods. For example, in the case of
too large external disturbance, the convergence speed is
slow, especially for the constant force control in the ap-
plications such as grinding processing, which may lead to
large fluctuations of the contact force. In recent years,
scholars have proposed many force control methods that
integrate both the classic methods and the intelligent al-
gorithms, such as fuzzy control and neural network control
[3-9]. Panwar and Sukavanam et al. [4] used a feedforward

neural network to compensate the uncertainty of the robot
model and presented an optimized force/position hybrid
control method. Wang et al. [5] employed a radial basis
function network controller to compensate the dynamic
uncertainty of a robot and put forward a method com-
bining fuzzy control and impedance control to realize the
robust force following control of the robot. Nagata et al. [6]
used a neural network to finely adjust the ideal damping,
which helped to obtain nonlinear effective stiffness and
improve the surface treatment performance of a metal
mold. In References [7] and [8], a method combining the
sliding mode control with the force/position hybrid control
was proposed. The sliding mode control guaranteed tra-
jectory tracking robustness while allowing the robot to slide
over unknown obstacles. The force/position hybrid control
improved the control performance when the material
stiffness changes during the processing. Tian et al. [9]
designed an antisaturation integral separation fuzzy PI
controller with explicit force input and used the proposed
controller to control the normal polishing force of curved
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surface workpieces in the process of an overall uniform
mirror surface.

A common feature of these above-mentioned methods is
that all these methods acquire the force information ob-
tained by installing a force/torque sensor at the end of a
robot and fused with control algorithms, which may lead to
high cost of the force/torque sensor-contained equipment
integration and the subsequent maintenance.

To solve these problems, researchers attempted to de-
velop robot end contact force control methods that require
no force/torque sensor. A simple method is to estimate the
robot end force directly through the Jacobian matrix and the
joint torques. There are two approaches to obtain the joint
torque: one is to install an additional joint torque sensor and
the other is to convert the joint servo motor’s current signal.
As general industrial robots have no joint torque sensors, the
latter approach is often adopted [10-12]. However, in
practice, because of the noise of the AC servo motor current
signal and the inaccuracy of dynamic modelling, this ap-
proach is not good at estimating the robot end force. Some
researchers chose a new kind of DC motor robot, researched
the robot end contact force control without force/torque
sensors, and obtained some beneficial results [13, 14]. For
general AC servo motor-based industrial robots, a distur-
bance observer should be used for robot end contact force
estimation so that this approach is an estimation method
based on robot internal signals. As compared with the direct
use of the joint torques and the Jacobian matrix, the dis-
turbance observer actually acts as a filter and helps to obtain
high estimation accuracy. Eom et al. [15] used a disturbance
observer for each joint to obtain an equivalent robot dy-
namics model, designed an output estimator to estimate the
internal moment, and used the difference between the
disturbance observer and the output estimator to estimate
the end force. He et al. [16] proposed a recursive nonlinear
observer to estimate the external force interference and
combined this observer with the adaptive fuzzy sliding mode
algorithm to realize the trajectory tracking control of re-
dundant robots. Kawasaki and Ueki [17] proposed a non-
linear disturbance observer without joint angular
acceleration to estimate the joint friction and the external
force and carried out simulation verification. Agarwal and
Parthasarathy [18] used the disturbance observer output as a
part of a nonlinear system state variable, treated the output
error as an independent Gaussian white noise, and used an
extended Kalman filter to track the disturbance. Hu and
Xiong [19] compensated the rigid body dynamics model’s
error with a multilayer perceptron and combined this model
with a semiparametric model and a perturbed Kalman filter
to improve the accuracy and robustness of force estimation
under uncertainty. Van Damme et al. [20] used the least-
squares method and a disturbance observer to estimate the
robot end forces from noisy driver torques and discussed the
intrinsic relationship between the least-squares method and
the disturbance observer method. Azimifar et al. [21] pro-
posed an improved disturbance observer for the control of a
constant time-delay nonlinear bilateral teleoperation system.
The results of these researches show that a disturbance
observer can replace the force/torque sensor measurement
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signals with AC servo motor signals to obtain basic force
information, thus implementing the robot end constant
force-tracking control.

References [10-23] mentioned the use of the disturbance
observer to estimate external forces, but the research topics
are different from the topics studied in this paper. References
[10, 11, 15] were validated only on two-link robots with
simple dynamics models. References [12-14, 19] took col-
laborative robots as the research object, and this kind of
robot is directly driven by DC motors. As compared with
normal industrial robots, the transmission mechanism of
DC motor-driving robots is greatly simplified, and the noise
in the motor torque signal is greatly reduced. Reference [17]
only performed the simulation of the disturbance observer.
References [18, 20] carried out experimental verifications
with robots, but the experimental equipment in Reference
[18] is a simple small desktop robot and the experimental
equipment in Reference [20] is a pneumatic robot. Refer-
ences [22, 23] only performed the simulation based on the
combination of sliding mode control and impedance control
but did not give an experimental verification.

This paper takes a 6-axis industrial robot with the AC
servo motor and reducer as the research object and proposes
an end contact force control method for industrial robots
without force/torque sensors, namely, a disturbance ob-
server-based hybrid sliding mode impedance control
method. The method integrates a disturbance observer, a
sliding mode controller, and an impedance controller. The
disturbance observer is based on generalized momentum
and is selected to estimate the forces acting on the end of the
robot with servo motor signals as inputs, thus providing
control inputs for the force controller instead of a force
sensor. Moreover, the disturbance observer has a filtering
effect, which can reduce noise servo motor torque signals
caused by both the RV reducer and the harmonic reducer
and improve the accuracy of external force estimation. Thus,
the problem of insufficient accuracy in estimating the ex-
ternal forces directly by joint torque mapping can be suc-
cessfully solved. The hybrid sliding mode impedance
controller has better force-tracking performance and
stronger robustness than the common impedance controller
and finds it easy to meet the real-time requirement for the
robot control system. Based on the existing Lyapunov
function and the dynamics model of the industrial robot
used in this paper, the stability of the algorithm is proved in
detail. It is proved that the proposed control method without
force/torque sensors is applicable to the application sce-
narios targeted in this paper. Finally, the feasibility of the
proposed method is verified by experiments.

The rest of this paper is organized as follows: Section 2
introduces the overall implementation framework of the
proposed control method and analyzes the interaction force
at the end of the robot when the robot comes into contact
with the environment. Section 3 conducts robot dynamics
modelling and lists some of the dynamic model properties
that are used in subsequent algorithm design. Section 4
proposes a disturbance observer based on generalized
momentum to estimate the end contact force. As the ac-
curacy of the disturbance observer needs to be verified by a
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force/torque sensor, an explanation of the transformation of
the force/torque coordinate will also be made in this section.
Section 5 presents a hybrid sliding mode impedance con-
troller with a proof of the stability. Section 6 uses 4 ex-
periments to verify the disturbance observer-based hybrid
sliding mode impedance control method. Section 7 gives a
full text summary.

2. Control Scheme without Force/
Torque Sensors

2.1. Hardware Framework of the Force Control System.
Figure 1 shows the whole hardware framework of the force
control system. The industrial computer, in which a real-
time kernel is installed, is the main control system of the
robot. It communicates directly with the servo driver in-
stalled in the robot control cabinet via the EtherCAT bus
protocol. The industrial computer sends desired position
commands to the robot in each control cycle, and at the same
time, such internal signals of the robot as the motor encoder
value and the motor current value are retrieved. It should be
noted that when the end of the robot is in contact with the
environment, the contact force acts on the joint of the robot
in the form of a disturbance torque so that the output torque
of the motor changes accordingly. Therefore, the returned
motor current value has actually been affected by the end
contact force; that is, the interaction force information has
been included. The industrial computer converts the internal
signals of the robot into the values of joint angle, joint
angular velocity, and joint torque. The disturbance observer
is used to calculate the estimated value of the contact force.
Then, the position adjustment amount is calculated by the
hybrid sliding mode impedance controller and then sent to
the servo driver to finally realize the contact force control
between the robot end and the environment.

The force/torque sensor and its associated equipment are
shown on the right side of Figure 1. It should be noted that
although this paper studies the robot force control method
without force/torque sensors, in order to compare the
performance of the control method, it is still necessary to
measure the contact force between the robot and the en-
vironment by using a force/torque sensor. Of course, the
force/torque sensor values are not used in the proposed
control algorithm. The sensor is mounted at the end of the
robot. The analog signal of the sensor is amplified by the
amplifier and is transmitted to the Beckhoft module to
convert the analog signal into a digital signal which is then
transmitted to the robot control cabinet. Finally, the sensor
value is transmitted back to the industrial computer along
with the servo motor signals.

2.2. Robot End Contact Force Analysis. The force analysis of
the robot end that is in contact with the environment is
represented by the abstract model shown in Figure 2. As-
suming that the robot moves according to the control
command, the flange shaft mounted at the end is brought
into contact with the environment by the robot and moves at
a velocity v in a certain direction. In this case, the

environment will apply two forces to the flange shaft at the
point of contact: one is the normal force F,,, pointing out to
the environment along the environmental normal direction
at the point of contact, and the other is the friction that is
parallel to the movement direction but opposite in direction.
Generally, this friction force is tangent to the normal di-
rection of the environment, so it is hereinafter referred to as
the tangential force F..

When the flange shaft is in contact with the environ-
ment, its axial direction does not necessarily coincide with
the environmental normal direction. Depending on the
application of the robot, the control algorithm sometimes
needs to make these two directions coincide. At this point,
an algorithm for estimating the environmental normal di-
rection is needed to determine the angle between the flange
shaft’s axial direction and the environmental normal di-
rection. The normal direction estimation algorithm can be
designed separately. Since this algorithm is not the focus of
this paper, only the case in which the flange shaft’s axial
direction and the environmental normal direction are co-
incident during the contact is considered, as shown in
Figure 2. This case can be achieved by prior adjustment and
trajectory planning. As shown in Figure 2, the end of the
robot is connected to the force sensor via a designed con-
nector. The flange shaft and the force sensor are directly
connected by screws. The flange shaft is coaxial with the
sensor. The normal force F, is basically along the axial di-
rection of the flange shaft, pointing in the direction in which
the sensor is located. The force value measured in the Z
direction of the sensor can be considered the normal force F,
acting at the end of the flange shaft.

3. Robot Dynamics Equation

The force control method proposed in this paper is essen-
tially a dynamics model-based control method. This section
conducts robot dynamics modelling and discusses some
properties of the dynamics equation.

3.1. Robot Dynamics Modelling. There are two common
methods for robot dynamics modelling, one is the
Newton-Euler method and the other is the Lagrangian
method. The former is an iterative calculation method, and
the latter analyzes the dynamics problem from the per-
spective of energy. In this paper, the Newton-Euler method
[24] is used to conduct robot dynamics modelling. The
general robot dynamics equation is shown as

M(q)q+C(q,qq+G(q) +7:(q) =7+ 1y, (1)

where q, q, and q are the joint angle vector, angular velocity
vector, and angular acceleration vector of the robot; M(q) is
the inertia matrix; C(q,q) is the Coriolis force and cen-
trifugal force matrix; G(q) is the gravity term; 7¢(q) is the
joint friction term; 7 is the joint drive torque; and 7, is the
disturbance torque caused by the external force at the robot
end, and 74 = 0 when the robot is not subjected to external
force. For convenience in following sections, M (q) is written
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as M, C(q, q) is written as C, G(q) is written as G, and 7; (q)
is written as 7.

The friction term in equation (1) is modelled using a
classical friction model [25] including viscous friction and
Coulomb friction as follows:

e =f1-q+ f,-sgn(q), (2)

where f; and f, are, respectively, the viscous friction co-
efficient and the Coulomb friction coefficient.

3.2. The Properties of the Dynamics Equation. For the robot
dynamics equation, previous researchers have performed
many researches and summarized some accepted view-
points. Here are some of the robot dynamics equation
properties [16, 20] that are used in the subsequent algorithm
design.

(1) The inertia matrix has the following relationship with
the Coriolis force and centrifugal force matrix:

a’ (M-2C)a =0, (3)

where a is the column vector corresponding to the
dimension of the inertia matrix. The meaning of this
equation is that M — 2C is an antisymmetric matrix.

(2) By rearranging the Coriolis force and centrifugal
force matrix, it can also be made to have the fol-
lowing relationship with the inertia matrix:

M=C,+Cl, (4)

where C, is the matrix rearranged from the original
Coriolis force and centrifugal force matrix and can

1-robot
2-connector
3-flange shaft
4-workpiece

FIGURE 2: Schematic diagram of the contact between the robot end
and the workpiece.

replace the matrix C in equation (1) without changing
the calculation result.

3.3. Dynamics Equation in Cartesian Space. Equation (1) is a
dynamics equation in the joint space. In this paper, we deal
with the method of robot end force control in the Cartesian
space. Therefore, it is necessary to obtain the robot dynamics
equation in the Cartesian space through some trans-
formations. And the transformed equation will be used in
the design of the control algorithm in Section 5. As we all
know, the joint velocity has the following relationship with
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the Cartesian velocity and acceleration at the end of the
robot [24]:

X = ,
{ S )
x=Jq+]q,
where x and x are, respectively, the velocity and acceleration
at the end of the robot in the Cartesian space and J(q) is the
Jacobian matrix of the robot end relative to the base co-
ordinate system and is written as J for simplified repre-
sentation hereinafter.
By substituting equation (5) into equation (1), the robot
dynamics equation in the Cartesian space is obtained after
rearrangement and simplification as

M x+Cx+G,+F;=T+F, (6)

where M, = J"MJ ! is the inertia matrix in the Cartesian
space; C, =) (C, —MJ'J)J! is the Coriolis force and
centrifugal force matrix in the Cartesian space; G, = J ' G is
the gravity term in the Cartesian space; F; = J T 7; is the joint
friction term in the Cartesian space; T = J 7 is the joint
torque in the Cartesian space; and F is the external force
applied to the robot end.

4. Design of the Disturbance Observer and
Coordinate Transformation of Force/
Torque Sensors

4.1. Design of Disturbance Observer Based on Generalized
Momentum. The disturbance observer estimates the force at
the end of the robot through the obtained joint servo motor
signals. Thereby, it acts as an alternative to the force/torque
sensor. In this paper, we choose a generalized momentum-based
disturbance observer because it needs no robot joint angular
acceleration in the calculation. Generally, there is no joint an-
gular acceleration sensor in industrial robots so that the angular
acceleration is obtained via secondary differentiating the joint
angle value read by the motor encoder, which may result in a
large amount of noise of the acceleration. If the noisy angular
acceleration is applied to the estimation algorithm, the esti-
mation accuracy is inevitably affected. The use of a generalized
momentum in this paper helps to solve this problem and im-
prove the accuracy.

The generalized momentum of the robot and its dif-

ferential are defined as follows [20]:
P =Mq,
{ . . (7)
P =Mq + Mg,

where P is the generalized momentum of the robot and P is
the corresponding differential.

By substituting equation (1) and equation (4) into
equation (7), another expression of generalized momentum
differential is obtained as

P=1+Mq-Cq-G-1;+14
T+(M—Cr)q—G—Tf+Td (8)

T -
7+C.q-G-1p+ 14

Note that P is the estimated generalized momentum, and
ep = P — P is the generalized momentum estimation’s error.
A disturbance observer is established based on generalized
momentum as

ﬁ=T+CrTq—G—Tf+KIeP, )

where K;is a diagonal gain matrix and the diagonal elements
are all positive.

Note that r = K;ep. By substituting the integral of
equation (9) into the expression of r, the following equation
is obtained:

r =K;ep

=K;(P-P)
t

:KI(P—J (T+C?('1—G—Tf+r)dt).
0

By comparing equations (8) and (10), it is obvious that r
is the estimated value of the disturbing torque 74 in equation
(8). Assuming that the disturbance torque 74 is generated by
the robot end’s external force transmitted to the joint motor,
the estimated external force F can be represented as

F=7"r (11)

(10)

Figure 3 shows a flow chart of the disturbance observer.
As shown in the figure, the robot receives a desired position
control command g4 to generate motion. However, the robot
is ultimately affected by the disturbance torque 74 and
eventually reaches the actual joint position g, which is
converted from the motor encoder values. q is the joint
angular velocity and is derived from the motor velocity
signals. 7 is the robot motor torque and is derived from the
motor current signals. The disturbance observer takes all
these robot internal signals as inputs and finally outputs the
estimated external force values that are the inputs of the
force controller.

4.2. Coordinate Transformation of Force/Torque Sensors.
To verify the effectiveness and feasibility of the proposed
control method, a force/torque sensor needs to be installed
at the end of the robot. As the disturbance observer estimates
the force at the end of the robot, it is necessary to first
convert the sensor value to the end coordinate system for
comparison. In Section 6, a comparison of all experimental
results is performed in the end coordinate system.

From the contact force analysis in Section 2, it is clear
that the force measured in the Z direction of the sensor can
be considered the normal force F, acting at the end of the
flange shaft. Different from the normal force, the tangential
force F, acting at the end is measured in the form of
component forces by the X and Y directions of the sensor.
However, because of the design and installation and robot
dynamics modelling, the X and Y directions of the sensor
coordinate system are inconsistent with the X and Y di-
rections of the end coordinate system. Therefore, it is
necessary to convert the sensor values to obtain the
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Ficure 3: Flow chart of the disturbance observer.

corresponding robot end contact forces in the X and Y
directions of the end coordinate system.

Figure 4 shows the X, Y, and Z directions of the end
coordinate system and the sensor coordinate system when
the robot is in the home position. The distance between the
origins of the two coordinate systems is represented by D'.
As the details mentioned above, the sensor is coaxial with the
flange shaft. The Z directions of the two coordinate systems
are the same, and the positive direction is directed to the
outside of the robot in the axial direction. The Xs- Y5 plane is
parallel to the Xg- Y plane. In the small picture in the upper
right corner, €' is the angle between the X directions of the
two coordinate systems, and this angle has a fixed value of

where €' is the angle between the X directions of the two
coordinate systems, with a value of 120°, and D’ is the
distance between two coordinate systems, with a value of
0.126 m.

The force/torque sensor values are converted from the
sensor coordinate system to the robot flange shaft end co-
ordinate system according to equation (12). Thereby, the
theoretical true value of contact force at the end of the robot
is obtained.

5. Design and Stability Proof of Force
Control Algorithm

This section gives the design of a force control algorithm that
integrates impedance control and sliding mode control and
proves the stability of the algorithm. The force information
in this algorithm is provided by the disturbance observer
designed in Section 4.

5.1. Hybrid Impedance Control Principle. Hybrid impedance
control is an improved impedance control method that
improves the force-tracking performance of control
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FiGURE 4: End coordinate system and sensor coordinate system.

120°. Then, the sensor value column vector is multiplied by a
transformation matrix to obtain the end force column vector
as follows:

[ Fx, 1 [ cos(0) sin(6') 0 0 0 07 Fx, ]

Fy, —sin (6') cos(8') 0 0 0 0| Fy,

Fu | 0 o 1 0 0 ol Fz | .
My, -D'sin(8') D'cos(6') 0 cos(6') sin(6") 0 || Mx,

My, —-D'cos(0') —-D'sin(6") 0 —sin(8') cos(6') 0 || My,

M, ] L o 0o 0 0 0o 1llMy |

algorithms. A general second-order impedance model is
shown as follows [22]:

Md(fc'—a'c'd)+Cd(9&—xd)+Kd(x—xd):—Fe, (13)
where M, is the desired inertia matrix; C,; is the desired
damping matrix; K, is the desired stiffness matrix; x, x, and
X are, respectively, the actual position, velocity, and accel-
eration in Cartesian coordinates; x,;, X;, and X; are, re-
spectively, the desired position, velocity, and acceleration;
and F, is the contact force.

In contact control, position accuracy and force accuracy
cannot be achieved simultaneously in one direction. When a
desired force in a certain direction is given, the desired
position in this direction should not be given. Therefore, the
control model in the force control direction is modified into
the following equation:

Mde.'f‘Cd)&:Fd—Fe, (14)
where F, is the desired contact force.

By combining equations (13) and (14), the expression of
the hybrid impedance control is shown as
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Md (X _SJ.C.d) + Cd (x - Sxd) + de(x— xd) = (I - S)Fd - Fe,
(15)

where S is a selection matrix that is diagonal with elements
0 and 1 on the diagonal: element 0 means that the force
control is implemented in the corresponding dimension,
while element 1 means that the impedance control is
implemented.

Equation (15) can be rewritten in a concise form as

Mdél + Cdél + Kde = —ef, (16)

where e = S(x — x,) is the generalized positional error; e; =
x — Sx, is used to calculate the generalized velocity error and
the generalized acceleration error;and ey = F, — (I - S)F, is
the generalized force error.

5.2. Sliding Mode Control Incorporating Force Information.
By adding an auxiliary variable z, the force information of
the robot end can be introduced into the general sliding
mode control algorithm. z is a parameter designed to be
related to hybrid impedance control and implicitly contains
force information. A dynamic compensator [23] is estab-
lished for z as follows:

z=Az+K,e-C;'Cé+K, é +K ey, (17)

where A is a seminegative constant matrix; K., K,,, and K,
are a set of parameters related to impedance control pa-
rameters, and their calculation methods will be discussed
later; C; is a constant diagonal matrix; and C, is a non-
singular constant diagonal matrix.

Then, a sliding mode manifold is built by é;, e, and z as
follows:

s=¢;+Cie+C,z, (18)

where s is the sliding mode manifold and C; and C, are the
same as those in equation (17).

According to the sliding mode control’s arrival condi-
tions, let s = 0 and s = 0, and the expressions for z and z are
obtained as

{ z=-C;' (¢, + Cpe), (19)

i =-C;' (6 + Cé).

5.3. Design of the Hybrid Sliding Mode Impedance Control
Algorithm. The auxiliary variable z is the key to the re-
lationship between sliding mode control and hybrid im-
pedance control. By substituting equation (19) into equation
(18) and by eliminating z and z in the expression, the fol-
lowing equation is obtained after rearrangement:

é +(CK,, - GAG; )é; +(CK,, - C,AC,'C) )e o)
= _CZKfZef'

Equation (20) shows the relationships among the sliding
mode control parameters when the robot reaches the sliding

surface. A comparison between equations (20) and (16)
shows that these equations have the same configuration. If
the coeflicients of the corresponding variables in the two
equations are the same, the effect of the hybrid impedance
control is realized while running the sliding mode control.
By combining equation (16) with equation (20), the ex-
pressions of K,, K,_, and K, are obtained as

K, =G, (M;'C; + G,AG,)),
K,. = G;' (M7'K; + CAG,'C)), (21)
K;, = C;'M;".

By fine tuning K,, K,,, and Kp, the designed sliding
mode manifold can be implemented with the hybrid im-
pedance control mentioned above. To meet the arrival
conditions of the closed-loop system, the equivalent control
law is designed as follows:

Teq = ﬁxkeq + Exxeq +G, + l:"f ~F-Ds, (22)

where M,, C,, G, Fy, and F have the same meaning as the
corresponding variables in equation (6), the hat “~” means
that actual dynamics model may contain certain modelling
errors, and F is estimated by the disturbance observer
designed in Section 4; x., = SX; — Ce — Cyz is the equiv-

alent velocity, and it is easy to know that s = X — X ; X¢q =
Sx; — C,é — C,z is the equivalent acceleration; and D is a
well-designed positive definite matrix.

For the system to eventually reach the sliding surface,
which means that s =0, the overall control algorithm is

designed as follows:

Ty =Teq—esgn(s)

= ﬂxjéeq+axxeq+ax+Ff—IE—Ds—ssgn(s),

(23)
where  €>0, sgn(s) = [sgn(s,),...,sgn (sn)]T, and
s i=1,2,...,n, represent the elements of the sliding mode

manifold corresponding to the dimension.

5.4. Proof of the Stability of the Control Algorithm. It is
mentioned in Section 3 that a’ (M —2C)a = 0 is a property
of the robot dynamics equation in the joint space. A deri-
vation is given here that the robot dynamics equation in the
Cartesian space also has such a property. By constructing an
expression (1/2)x"M,x about M, and % as well as by
substituting equation (5) into the expression, the following
equation is obtained:

1 1 _ - .
FA M= 09" (7M™ (09)
(24)
RN
=3 q Mgq.

Simultaneously calculating the differentials of both sides
of equation (24) gives the following derivation:



1 . 1 .

E;eTMxx + XM % = EqTMq +q' Mg
=4'Cqa+q'Mq
=q'Cq+q")T ™M 4
=q'cq+q" 1M (£ -J9)

=q'Cq-q'Mjq+ XM, X

¢Vy(C-MT) g + 2™,

%'C %+ x M X.
(25)

It is obvious that x (M, —2C,)x = 0, which means
M, - 2C, is an antisymmetric matrix. Additionally, this
matrix can be generalized to any column vector. On this
basis, the Lyapunov function is defined as follows [23]:

1~
V= ESTst, (26)

where s is the sliding mode manifold and M,, is the actual
inertia matrix of the robot dynamics model in the Cartesian
space.

It is easy to know from the property of the dynamics
equation that M, is positive, which means V >0 is always
true. By calculating the differential of equation (26) and by
substituting equations (6), (22), and (23) into the result, the
following derivation is obtained:

VzésTl\A/[ s+ M,$

X X
= sTaxs + STﬂx(af - X'eq)
= sTaxs + 5T1\7Ix3'6 - sTﬂxkeq
:sTaxs+sT<T—EIXX—éx —ﬁf +f7>
(27)
—sT<Teq—a X —éx—ﬁf+1:“+Ds>

x“Veq
= sTexs + ST(T - Teq) - sTéx(x - xeq) -s'Ds
= sTaxs - sTaxs —s'Ds+s" (—esgn(s))

=—s'Ds-s'¢ sgn (s).

When s = 0, it is obvious that V = 0. When s #0, sgn (s)
can be written as s/|s|. Then, equation (27) becomes
V = =sTDs — sT (¢/|s])s. Since £ >0, (¢/|s]) >0 is always true.
Because D is designed as a positive definite matrix, when
s#0,V >0,and V < 0 always hold true, the system is stable in
the sense of Lyapunov after the robot enters the sliding mode
movement.
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5.5. Control Method Implementation. A general industrial
robot is used in the experiment. Since the bottom control
layer of the robot is position control, it is necessary to
convert the obtained torque control amount T, into the
position adjustment amount X,. Then, according to the
position adjustment amount calculated in the current
control cycle, the desired position of the robot in the next
control cycle is modified. According to equation (6), there is
the following equation:

MxAXA+CxAXA+GxA+FfA—1:":TA, (28)

where X , and X , are the change in velocity and the change
in acceleration caused by T4 and My, C, 4, Gyy, and F sy
are, respectively, the corresponding inertia matrix, the
Coriolis force and centrifugal force matrix, the gravity term,
and the joint friction term.

By substituting equations (22) and (23) into equation
(28), the following equation is obtained:

M Xy +Coy X, +G g+ Fpy—F,y 09)
= Mx;zeq+6xxeq+éx+ﬁf —I?—Ds—esgn(s).

Since the control cycle of the robot control system is at
the millisecond level, the amounts of position change and
velocity change per control cycle are both very small
Therefore, assuming that M, = M, C,, =C,, G,, =G,,
Fy=F; and F, = F, equation (29) can be approximated
as follows:

M X, +C X, = ijéeq + E:xxeq - Ds —esgn(s) = T}
(30)

For each control cycle, equation (30) is considered the
first-order ordinary differential equation for X,, and the
numerical solution of equation (30) is calculated using the
modified Euler’s formula. The position adjustment amount
X, can be approximated as follows:

X, =X, -dT, (31)

where dT is the robot control cycle and is set as 1 ms in this
paper.

After adding X, to the desired Cartesian position in the
next control cycle and solving the inverse kinematics based
on the modified Cartesian position, the proposed control
algorithm can be implemented by sending the recalculated
joint position values to the robot.

Figure 5 shows the flow chart of the hybrid sliding mode
impedance controller. DO is the disturbance observer
designed in Section 4. It takes the actual trajectories q, q, and
q as well as the joint torque 7 as inputs and calculates the
estimated contact force F for the force control algorithm. q,,
qu and q, represent the desired trajectories in the joint
space. The desired trajectories and actual trajectories of the
robot in the joint space are first transformed into the cor-
responding values x;, x;, and X; and x, X, and X in the
Cartesian space. Then, the values are transmitted along with
the estimated contact force F to the hybrid sliding mode
impedance controller. The hybrid sliding mode impedance



Complexity 9
344 9 4> Ga
4
Transform
T
l x Xgp X Xg
v x
7 ¥ _ & » , ]
DO » [-(I-9S)F, o Az+K,e-C'Cle+ K, é+Kpep 1@
z
': S—(x-xy) ¢ l v
v X,
P Sx,-Ce-Cyz “lg
P >
ol S (x-xp)
z
> ‘ <
) Sky- Cie-Cyz
> “
o X-Sxy
)
\ 4
P M(Q) Feg + C(q, Q) Xeq + G@), + F(q)y - F-Ds [
Teq 4
\A
esgn(s) |« : ér+Ce+Cyz <
Ty
A A 4
Solving the numerical solution of Xy Xa Inverse da
M@ s+ C@ Dy X+ Glahs + Fidys - F= T Kinematics [~ ?

F1GURE 5: Hybrid sliding mode impedance controller flow chart.

controller calculates the control torque and then obtains the
position adjustment amount in the Cartesian space by
numerical solution. The inverse kinematics of the robot is
used to obtain the desired joint position in the next control
cycle. Finally, this position is sent by the industrial computer
through the servo driver to the robot servo motor for real-
time adjustment, thus realizing the disturbance observer-
based hybrid sliding mode impedance control of the robot
end contact force.

6. Experiments of Constant Contact
Force-Tracking Control for Robot End

6.1. Experimental Device. Figure 6 shows the experimental
device built in this paper. The robot is a GSK RB03A1 6-axis
industrial robot. It has a maximum load of 3kg, a re-
peatability of +0.02 mm, and a radius of motion of 562 mm.
Table 1 shows the main parameters of this robot. The robot
body is connected with the control cabinet, and it com-
municates with the industrial computer through the
EtherCAT bus protocol. The industrial computer installs a
real-time kernel, and the robot control system has been
transplanted to the industrial computer. The control cycle is

set as 1 ms, and the real-time control of the robot can be
realized by sending the command directly from the in-
dustrial computer to the servo driver without the teaching
box. A force/torque sensor is mounted at the end of the
robot, and a flange shaft is mounted on it. The sensor is an
ME-FK6D40 6-dimension force/torque sensor, and its main
parameters are shown in Table 2. And the sensor is also
equipped with a signal amplifier and a Beckhoff commu-
nication module. For more information on this sensor,
check the following website: https://www.me-systeme.de/
shop/en/sensors/force-sensors/k6d/k6d402.

During the experiment, the flange shaft is kept in contact
with the environment and transmits the external force to the
force sensor. The force sensor signal is first transmitted to the
Beckhoftf module via the signal amplifier and then trans-
mitted to the robot control cabinet. Finally, this signal is
transmitted back to the industrial computer together with
the robot motor encoder value, motor velocity value, and
motor current value. According to the corresponding for-
mulas, the industrial computer converts the motor encoder
value into the actual joint angle value, converts the motor
velocity value into the actual joint angular velocity value, and
converts the motor current value into the actual joint torque
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FIGURE 6: Experimental device.

TaBLE 1: Basic parameters of the RBO3A1 industrial robot.

Joint Ran-ge Oof Max1mtlm Reduction ratio
motion (°) speed (°/s)
1 +150 375 81.075
2 +144~-51 375 80.9656
3 +64~-131 419 72.4678
4 +150 600 51.0363
5 +120 600 40.5047
6 +360 750 39.7193

TABLE 2: Main parameters of the 6-dimension force/torque sensor.

Fx Fy  Fg Mx My My

N N N) (Nm) (Nm) (Nm)
Range 200 200 500 5 5 10
Uncertainty  +0.5  +1.5 +2 +0.03  +0.04 +0.06

value. The position adjustment amount is calculated by the
disturbance observer and the hybrid sliding mode imped-
ance controller, and the updated position command is sent
to the servo driver to realize the real-time control of the
robot.

6.2. Constant Force-Tracking Control Experiment and Result
Analysis. In the process of robot trajectory planning, the
axial direction of the flange shaft is adjusted to be parallel to
the Z-axis direction of the robot base coordinate; that is, the
Z direction of the sensor is also parallel to the Z-axis di-
rection of the robot base coordinate.

Four experiments have been performed to verify the
theoretical feasibility. Experiment 1 is to examine the
consistency of the disturbance observer estimation values
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with force/torque sensor values. Experiment 2 is to examine
the feasibility of a hybrid sliding mode impedance controller.
Experiment 3 is to test the control performance of the
disturbance observer-based hybrid sliding mode impedance
controller on a planar workpiece. Experiment 4 is to test the
control performance of the disturbance observer-based
hybrid sliding mode impedance controller on a curved
surface workpiece.

6.2.1. Consistency Test of Disturbance Observer Estimation
Values and Force/Torque Sensor Values. In this experiment,
the end of the flange shaft is kept in contact with the
workpiece, and the linear motion command of the robot
controller is set. In addition, only the disturbance observer is
operated, and the hybrid sliding mode impedance controller
is not operated. Then, the sensor signals and joint motor
signals are read. The estimation accuracy of the disturbance
observer is analyzed, and the estimation value is compared
with the sensor value. The experimental results are shown in
Figure 7. In Figure 7, the blue line is the original sensor
value, the black dashed line is the filtered sensor value, and
the red line is the disturbance observer estimation value.

Figures 7(a)-7(c) show a comparison of the force values
between the force/torque sensor and the disturbance ob-
server, respectively, in X, Y, and Z directions. From the red
lines shown in Figures 7(a) and 7(b), it is found that the
forces estimated by the disturbance observer, respectively,
in X and Y directions need approximately 6s to become
stable. And the estimated force in the Z direction
needs approximately 2s to become stable, as shown in
Figure 7(c). The accuracy of the force estimation in the X
direction fails to show the advantages of the disturbance
observer. As compared with the filtered sensor value, the
deviation after stabilization is up to 7N, while the force
estimation accuracy in Y and Z directions is good; for
instance, the force deviation in the Y direction after sta-
bilization is not more than 2.5N, and that in the Z di-
rection is not more than 3 N.

Figures 7(d)-7(f) show a comparison of the torque
values between the force/torque sensor and the disturbance
observer, respectively, in X, Y, and Z directions. From the
red lines shown in Figures 7(d) and 7(e), it is found that the
external torque estimated by the disturbance observer in X
and Y directions needs approximately 6 s to become stable.
And the external torque estimated in the Z direction does
not substantially fluctuate, as shown in Figure 7(f). The
torque estimation accuracy in all 3 directions is good; for
instance, the torque deviations in X, Y, and Z directions after
stabilization are not more than 2.5Nm, 3 Nm, and 0.1 Nm,
respectively.

The lack of precision of the robot dynamics model is
responsible for the deviations between the disturbance
observer estimation values and the force sensor values.
During the experiments, the robot runs at a lower speed. In
addition to the noise, the returned motor signals contain
some nonnegligible and low-speed nonlinear dynamic
characteristics, namely, the low-speed ripple torque char-
acteristic of the motor and the low-speed nonlinear friction
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Ficure 7: Comparison of disturbance observer estimation values and force/torque sensor values. (a) X-direction force. (b) Y-direction force.
(c) Z-direction force. (d) X-direction torque. (e) Y-direction torque. (f) Z-direction torque.

characteristics of the robot. The commonly used Fourier
series-based dynamic model identification methods are not
able to determine these low-speed characteristics well so that
an additional complex work is required to complete the
modelling of these characteristics.

It is found from experimental results that the low-speed
characteristic compensation of joint 2 torque can greatly
improve the force estimation accuracy and force control
precision in the Z direction when it is in contact with the
planar workpiece. The low-speed characteristic compensation
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amount can be summarized by experimental experience. It
should be noted that the disturbance observer estimation
values shown in Figure 7 are calculated after joint 2 torque is
compensated for low-speed characteristics. It can also be
found that the force estimation in the Z direction is relatively
accurate.

6.2.2. Feasibility Test of the Hybrid Sliding Mode Impedance
Controller. In this experiment, the robot runs the same
trajectory as that in experiment 1, and the hybrid sliding
mode impedance controller is operated with the force sensor
value as the control input; however, the disturbance observer
is not operated. The relevant data are read, and the control
performance of the hybrid sliding mode impedance con-
troller is analyzed and compared. In experiments 2 and 3, 3
different desired forces are set, and these 3 experiments are
performed separately.

Figure 8 shows the contact force in the Z direction when
the desired force is set to =30 N, =40 N, and —60 N, in which
the blue line represents the original sensor values and the
black dashed line represents the filtered sensor values. It can
be seen that, under different desired forces, the hybrid
sliding mode impedance controller can always quickly adjust
the robot motion and stabilize the force in the force control
direction at the desired value. After further analysis of the 3
sets of experimental data, it can also be found that the
fluctuation of the filtered sensor value near the expected
value does not exceed 0.2 N, which means that the control
algorithm possesses good control performance.

Figure 9 shows the 6-joint torque values of the robot at a
desired force of —40 N, with the blue line representing the
original sensor values and the black dashed line representing
the low-pass filter sensor values. The joint torque values still
fluctuate after removing high-frequency Gaussian noise.
This is because, in contact force control applications, the
robot will operate at a low speed. The nonlinear dynamics of
a robot running at low speed cannot simply be classified as
noise. Besides, Figure 9 also shows that the low-speed
characteristics have a significant influence on the joints 1
and 2, have a slight influence on the joint 3, and have little
influence on the joints 4, 5, and 6.

Because of the limitation of the length of the paper, only
the conclusions of the comparison of experimental data are
given. For this experimental scenario, the joint torque of
joints 4 and 6 does not change much under different desired
forces. The reason is that joints 4 and 6 need no additional
torque to cope with the changes in external forces during the
operation. The motion of joint 1 drives the end of the robot
to move in the X-Y plane. The variation of contact force in
the Z direction causes the friction force change at the end of
the robot in the X-Y plane. The greater the desired force, the
greater the extra torque needed for joint 1 to overcome the
friction. Joints 2, 3, and 5 have a direct effect on the contact
force in the Z direction. Because the movements of these 3
joints directly change the position of the robot end in the Z
direction, the contact force is fluctuant. These 3-joint torque
values vary greatly depending on the desired force.
According to the data analysis, joint 2 torque is mainly
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affected by the change of the external force. This also ex-
plains why the low-speed characteristic compensation of
joint 2 torque can greatly improve the force estimation
accuracy of the disturbance observer in the Z direction.

6.2.3. Control Performance Test of Disturbance Observer-
Based Hybrid Sliding Mode Impedance Controller on a
Planar Workpiece. In this experiment, the robot runs the
same trajectory as that in experiment 1. The disturbance
observer is operated, and at the same time, the hybrid sliding
mode impedance controller is operated with the disturbance
observer estimation values as control inputs, and then the
relevant data are read. The control performance of the
disturbance observer-based robot end contact force con-
troller is analyzed and compared.

Through trial and empirical summarization, the pa-
rameter K; in the disturbance observer is set to K;=diag
(1, 10, 5, 0.5, 1, 0.01). The selection matrix S in the hybrid
sliding mode impedance controller, the desired impedance
parameters M, C4, and K, the sliding mode parameters C;
and C,, the dynamic compensator parameter A, and the
controller parameters D and ¢ are, respectively, set as fol-
lows: § =diag(1, 1,0, 1, 1, 1), M,; = diag(100, 100, 5, 100, 100,
100), C,=diag(5, 5, 5, 5, 5, 5), K;=diag(5, 5, 5, 5, 5, 5),
C, =diag(0.1, 0.1, 0.1, 0, 0, 0), C,= diag(0.001, 0.001, 0.1,
0.001, 0.001), A = diag(-0.1, -0.1, 0.2, 0, 0, 0), D = diag(0.5,
0.5, 1, 0.1, 0.1, 0.1), and £=0.01.

The relevant experimental results are shown in Figure 10.
Here are some additional explanations for the experimental
process. In experiment 1, it is known that the value estimated by
the disturbance observer in the Z direction takes approximately
2's to converge to the vicinity of the true value. Therefore, the
disturbance observer is started simultaneously while the robot
begins to run. The hybrid sliding mode impedance controller is
only operated after the disturbance observer has been operated
for 2 s. In the actual experiments, it is also found that when the
hybrid sliding mode impedance controller starts to operate, it is
necessary to limit the adjustment of the controller output at the
very beginning. Otherwise, the robot will easily jump in the Z
direction, and the force will greatly oscillate within a certain
period of time. Unlike experiment 2, in which the robot force in
the Z direction is rapidly stabilized to the desired value, the
force in the Z direction in experiment 3 gently changes to the
desired value. The length of time required for this transition
depends on not only the difference between the actual force
value and the set desired value at the start of the controller but
also the upper limit of the set amount of adjustment. In the
experiment, for the convenience of operation, the transition
period is set to 4s in the program; that is, the adjustment
amount is limited within the first 4 s of the hybrid sliding mode
impedance controller’s operation.

Figures 10(a)-10(c) show the control performance when
the desired force is set to =30 N, =40 N, and —60 N, in which
the blue line represents the original sensor values, the black
dashed line represents the filtered sensor values, the red line
represents the disturbance observer estimation values, and
the two green parallel dotted lines represent the desired force
of +3N. The disturbance observer and the hybrid sliding
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FiGure 8: Force control performance of the hybrid sliding mode impedance controller in the Z direction with sensor values as control
inputs. The desired force is set to (a) —30N, (b) —40N, and (c) —60 N.
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FIGURE 9: Joint torque values at a desired force of —40 N. (a) Joint 1 torque. (b) Joint 2 torque. (¢) Joint 3 torque. (d) Joint 4 torque. (e) Joint 5

torque. (f) Joint 6 torque.
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FiGure 10: Control performance of the disturbance observer-based hybrid sliding mode impedance controller in the Z direction. The

desired force is set to (a) —30N, (b) —40N, and (c) —60N.

mode impedance controller take 6 s in total to become stable,
so the data 6 s after the robot motion start are compared and
analyzed. Although the control performance of the hybrid
sliding mode impedance controller with disturbance ob-
server estimation values as control inputs is not as good as
that of the hybrid sliding mode impedance controller with
sensor values as control inputs, for different desired forces,
the disturbance observer-based hybrid sliding mode im-
pedance control can stabilize the Z-direction force near the
desired value. Specifically, both the filtered sensor value and
the disturbance observer-estimated value in the Z direction
fluctuate within a range of the desired value +3N and
slightly exceed the range for a very small amount of time. At
most moments, the original sensor value also fluctuates
within a range of the desired value +3 N, and the fluctuations
in the remaining moments rarely exceed the range of the
desired value +5N. Table 3 lists a comparison of some
experimental data. The “maximum deviation” in the table
refers to the maximum absolute value of the difference
between the two groups of data. From Table 3, it is found that
as the desired force increases, the root-mean-square error
tends to decrease, and the control performance becomes
better when the desired force increases.

6.2.4. Control Performance Test of Disturbance Observer-
Based Hybrid Sliding Mode Impedance Controller on a
Curved Surface Workpiece. Experiment 4 verifies the control
performance of the disturbance observer-based hybrid
sliding mode impedance control method on a curved surface
workpiece. As shown in Figure 11, points A and B on the
curved surface workpiece are randomly determined before
the experiment. The desired force in the Z direction is set to
—-15N, and the force/torque sensor values are taken as
control inputs of the proportional controller to run a two-
point linear motion command on the surface. By setting the
desired force in the Z direction, the robot maintains the end

of the flange shaft in contact with the workpiece and moves a
curved path on its surface. This trajectory is the planning
trajectory of experiment 4. Figure 12 shows the three-di-
mensional view of the curved planning trajectory relative to
the robot base coordinate system and its X, Y, and Z
components. It can be seen that the trajectory is a simple
curve, which is linear in X and Y directions and is nonlinear
in the Z direction. Then, the desired force is set to —10 N, the
disturbance observer estimation values are taken as control
inputs, and the contact force control experiment in the Z
direction is performed by the hybrid sliding mode imped-
ance controller and a common impedance controller.
Because of the higher demand for precision of the
constant force control on a curved surface, a force sensor
and an iterative compensation method are used to obtain the
compensation component of the low-speed nonlinear dy-
namic characteristics, and the correction of the disturbance
observer estimation values is completed. Finally, the con-
stant force control in the Z direction is realized without
force/torque sensors. The compensation steps are as follows:

(1) If the planning trajectory is run for the first time, the
joint torque compensation values are set to 0. The
disturbance observer estimation values are taken as
control inputs, the desired force is set to —10 N, and
the curve planning trajectory is run.

(2) The differences between the force sensor values and
the disturbance observer values are calculated. The
joint torque compensation values are calculated by
the Jacobian matrix and these differences.

(3) The joint torque compensation value is accumulated
and written into the disturbance observer. Steps 1~3
are repeated until a satisfactory contact force control
performance is obtained.

Steps 2 and 3 are performed when the robot is offline.
These compensation steps are essentially a method of force/
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TaBLE 3: Comparison of experimental data.

Complexity

Expected force (N)

Comparison between filtered
sensor values and expected force

Comparison between disturbance
observer values and expected force

Comparison between disturbance
observer values and filtered sensor

values
Maximum deviation (N) RMSE  Maximum deviation (N) RMSE  Maximum deviation (N) = RMSE
=30 2.97 1.37 2.91 1.35 3.60 1.59
—40 3.39 1.29 2.67 0.87 4.15 1.41
—60 3.17 1.05 3.05 0.87 3.96 1.16

(a)

()

FIGURE 11: Curved surface workpiece and curved planning trajectory. (a) Experimental device. (b) Schematic diagram of the trajectory.
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F1GURE 12: Curved planning trajectory relative to the base coordinate system. (a) 3D view of the curved trajectory. (b) X component of the
curved trajectory. (c) Y component of the curved trajectory. (d) Z component of the curved trajectory.
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torque sensor calibration to determine the specific low-speed
nonlinear dynamics compensations. The force/torque sensor
values are not directly used in the force control method in
step 1.

Figure 13 shows the experimental data for Z-direction
force control on a curved surface. Figure 13(a) shows the Z-
direction force value when the planned trajectory is run
without the force control algorithm. Figures 13(b)-13(d)
show the results of the Z-direction force control experiments
when the desired force is set to —10N and the disturbance
observer estimation values are taken as control inputs.
Figures 13(b) and 13(c) use a hybrid sliding mode imped-
ance controller, and Figure 13(d) uses an ordinary imped-
ance controller. Figure 13(b) does not compensate low-
speed nonlinear dynamics. Figures 13(c) and 13(d) perform
iterative compensation for 8 times to compensate low-speed
nonlinear dynamics. In Figure 13, the blue line represents
the original force/torque sensor values, the black dashed line
represents the filtered force/torque sensor values, and the
red line represents the disturbance observer estimation
values.

By comparing Figures 13(b) and 13(c), it can be seen that,
after iteratively compensating the low-speed nonlinear dy-
namics, the accuracy of the force value in the Z direction es-
timated by the disturbance observer and the force control
precision in the Z direction by the hybrid sliding mode im-
pedance controller are significantly improved. By comparing
Figures 13(c) and 13(d), it can be seen that, after the same
times of iterative compensations, the hybrid sliding mode
impedance controller possesses better force control perfor-
mance in the Z direction than an ordinary impedance con-
troller. Because of the low-speed nonlinear dynamics
compensation, the time required for the disturbance observer
to reach stability is greatly reduced. Tables 4-6 compare the Z-
direction force control errors in Figures 13(b)-13(d). The
comparison terms include maximum deviation and root-
mean-square error between the disturbance observer esti-
mation value and the desired force, maximum deviation and
root-mean-square error between the filtered force/torque
sensor value and the desired force, and maximum deviation
and root-mean-square error between the disturbance observer
estimation value and the filtered force/torque sensor value.

By comparing Tables 4 and 5, it can be seen that the
force control performance is better after the iterative
compensation for low-speed nonlinear dynamics, and the
control error is reduced by 50%, as compared to those
methods without compensation. By comparing Tables 5
and 6, it can be seen that, under the same desired force and
the same times of iterative compensation, the control
performance of the hybrid sliding mode impedance con-
troller is better than that of an ordinary impedance con-
troller. The maximum deviations of the 3 comparison items
in Table 5 are smaller than those in Table 6, which are
reduced by 10.67%, 2.45%, and 11.64%, respectively. The
root-mean-square error of the observer estimation value
and desired force in Table 5 is slightly larger than that in
Table 6 by 2.33%, while the root-mean-square error of the
other 2 comparison items in Table 5 are smaller than those
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in Table 6, which is reduced by 22.40% and 25.01%, re-
spectively. The filtered force sensor value is used as the
theoretical true value of the contact force, and the prox-
imity of the filtered value to the desired force is used as the
criterion for determining the performance of the force
control algorithm. On the whole, when the hybrid sliding
mode impedance controller is operated, the filtered force/
torque sensor value has a smaller deviation from the de-
sired force, the force control performance is better, and the
difference between the disturbance observer estimation
value and the filtered force/torque sensor value is smaller.
At present, the research on the universality of the proposed
constant force control method without a force/torque
sensor is still not deep enough. The proposed constant force
control method is implemented on a relatively simple
curved surface with a small curvature change, and no
verification is performed on a complex curved surface.
In general, although the disturbance observer estimation
values deviate from the filtered sensor values, the trends of
the two sets of values are consistent. Although these two
trends are the same, they are not completely synchronous
but have a certain time interval. The inaccuracy of the robot
dynamics model is one of the reasons that affect the control
performance. The low-speed nonlinear dynamics of the
robot has an impact on the estimation accuracy and control
accuracy. These reasons include inaccurate modelling of
friction and the presence of certain unmodelled dynamics
in the mechanical drive train, such as uncompensated
reducer dynamics. In addition, the fluctuation of the ro-
bot’s electrical system also has a certain impact, which is
manifested in the fact that even if the robot is not in contact
with the environment, when the same motion instruction is
run multiple times, the corresponding data that are read are
always slightly different. Moreover, unlike the sensor-based
control method, the input and output of the disturbance
observer-based hybrid sliding mode impedance control
method have a certain coupling relationship. The inputs of
the disturbance observer are the internal signals of the
robot, and the outputs of the hybrid sliding mode im-
pedance controller are also these internal signals. On the
one hand, the estimated output value of the disturbance
observer is the basis for the hybrid sliding mode impedance
controller to calculate the adjustment amount. On the
other hand, the controller adjusts the robot to change the
internal signal, thereby affecting the output value of the
disturbance observer. The robot end contact force control
method based on the disturbance observer and the hybrid
sliding mode impedance controller is actually a complex
balance of internal signals when the robot is in contact with
the environment. In contrast, sensor-based force control
methods are aided by an external reference, and the
controller’s input and output are not coupled. As long as
the sensor values are correct, it is easier to obtain the
desired control performance. This is also the reason why
the control performance in the third part experiment is not
as good as that in the second part. Although the adjust-
ments were output by the same controller, the control
performance in experiment 2 with the sensor value as the
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FiGgure 13: Contact force control experiment in the Z direction on a curved surface. (a) Without force controller. (b) Hybrid controller
without compensation. (c) Hybrid controller with compensation. (d) Ordinary controller with compensation.

TaBLE 4: Comparison of Z-direction force control errors in Figure 13(b).

Comparison terms Maximum deviation (N) Root-mean-square error
Observer estimation value and desired force 4.5435 0.8250
Filtered sensor value and desired force 5.6338 1.7167
Observer estimation value and filtered sensor value 5.6250 1.9019

TaBLE 5: Comparison of Z-direction force control errors in Figure 13(c).

Comparison terms Maximum deviation (N) Root-mean-square error
Observer estimation value and desired force 1.1515 0.4122
Filtered sensor value and desired force 2.7768 0.8402
Observer estimation value and filtered sensor value 2.6767 0.8482

TaBLE 6: Comparison of Z-direction force control errors in Figure 13(d).

Comparison terms Maximum deviation (N) Root-mean-square error
Observer estimation value and desired force 1.2890 0.4028
Filtered sensor value and desired force 2.8464 1.0827

Observer estimation value and filtered sensor value 3.0292 1.1311
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input is better than that in experiment 3 with the distur-
bance observer estimation value as the input.

7. Conclusions

In this paper, a disturbance observer-based hybrid sliding
mode impedance control method is proposed to realize
constant contact force-tracking control of a robot end
without force/torque sensors. The essence of this method is a
complex balance of robot internal signals when the robot is
in contact with the environment. The generalized mo-
mentum-based disturbance observer takes the robot servo
motor signals as inputs and provides the estimated value of
the robot end contact force for the hybrid sliding mode
impedance controller, thus replacing the force/torque sen-
sor. The disturbance observer does not use the joint angular
acceleration, which avoids the error introduced by the
secondary differential. This observer also reduces the noise
in joint torque information and improves the accuracy of
force estimation. The hybrid sliding mode impedance
controller is an integration of impedance control and sliding
mode control with better force-tracking performance and
stronger robustness. This controller takes the disturbance
observer estimation value and the robot servo motor signals
as inputs, calculates the equivalent control torque, and
obtains the final position adjustment amount by numerical
solution. Experimental results show that the proposed
control method can achieve a control precision of the de-
sired force +3N and has certain practicability for force
control applications with non-high-precision requirements.
Moreover, as the proposed algorithm is based on the robot
dynamics model, the control performance of the method is
affected by the accuracy of the robot dynamics model. And
since the force control tasks are mostly carried out at low
speeds, the low-speed nonlinear dynamics of the robot has
the greatest influence on the control performance. In order
to improve the accuracy of the force control method without
force/torque sensors, subsequent research will focus on the
modelling of low-speed dynamics characteristics such as
motor ripple torque and low-speed nonlinear friction of the
robot.
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