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Abstract

Purpose — In recent years, owing to the rapidly increasing labor costs, the demand for robots in daily services
and industrial operations has been increased significantly. For further applications and human-robot
interaction in an unstructured open environment, fast and accurate tracking and strong disturbance rejection
ability are required. However, utilizing a conventional controller can make it difficult for the robot to meet these
demands, and when a robot is required to perform at a high-speed and large range of motion, conventional
controllers may not perform effectively or even lead to the instability.

Design/methodology/approach — The main idea is to develop the control law by combining the SMC
feedback with the ADRC control architecture to improve the robustness and control quality of a conventional
SMC controller. The problem is formulated and solved in the framework of ADRC. For better estimation and
control performance, a generalized proportional integral observer (GPIO) technique is employed to estimate
and compensate for unmodeled dynamics and other unknown time-varying disturbances. And benefiting from
the usage of GPIO, a new SMC law can be designed by synthesizing the estimation and its history.
Findings — The employed methodology introduced a significant improvement in handling the uncertainties of
the system parameters without compromising the nominal system control quality and intuitiveness of the
conventional ADRC design. First, the proposed method combines the advantages of the ADRC and SMC
method, which achieved the best tracking performance among these controllers. Second, the proposed
controller is sufficiently robust to various disturbances and results in smaller tracking errors. Third, the
proposed control method is insensitive to control parameters which indicates a good application potential.
Originality/value — High-performance robot tracking control is the basis for further robot applications in
open environments and human-robot interfaces, which require high tracking accuracy and strong disturbance
rejection. However, both the varied dynamics of the system and rapidly changing nonlinear coupling
characteristic significantly increase the control difficulty. The proposed method gives a new replacement of
PID controller in robot systems, which does not require an accurate dynamic system model, is insensitive to
control parameters and can perform promisingly for response rapidity and steady-state accuracy, as well as in
the presence of strong unknown disturbances.

Keywords Robot, Controller design, Active disturbance rejection control (ADRC), Sliding mode control (SMC)
Paper type Research paper

1. Introduction

In recent years, owing to the rapidly increasing labor costs, the demand for robots in daily
services and industrial operations has been increased significantly. The conventional
industrial robots have successfully been employed to perform specific tasks in a structured
production environment. For further applications and human-robot interaction in an
unstructured open environment, fast and accurate tracking and strong disturbance rejection
ability are required. This will bring substantial advancement in the present robotics
technology (Yu ef al., 2016; Lunardini et al., 2016; Lau et al., 2016).
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The research on control methods for robots has obtained abundant achievements
(Brogardh, 2007; Dinham and Fang, 2014; Yu and Rosen, 2013; Su et al., 2010). However, an
actual robot system is restricted to several factors, including system modeling accuracy,
environmental uncertainty, parameter identification ability and real-time calculation ability.
Therefore, most modern control theory strategies based on the accurate mathematical model
of a specific system generally remain in the theoretical design. PID control is still the most
common form of controller in the existing robot systems, particularly at the joint control level.
PID controllers do not depend on the process model and have a simple control structure that
makes the PID control easy to implement. However, utilizing a PID controller can make it
difficult for the robot to achieve both significant dynamic and static performance (Lunardini
etal., 2016). In addition, when a robot is required to perform at a high-speed and large range of
motion, a PID controller may not perform effectively or even lead to the instability of the
controlled system (Petit ef al, 2015).

Sliding mode control (SMC) has been widely applied to robotic systems because of its
robustness to unknown exogenous disturbances, parameter variations and model
perturbations (Van ef al, 2013; Esmaili and Haron, 2017; Naik ef al, 2016). However, to
achieve a satisfactory performance, the chattering phenomenon that is usually caused by
system disturbance can probably damage the actuator of robotic control systems (Yang
et al,, 2013). To improve the robustness of conventional SMC, some classical control design
tools such as the Riccati approach, LMI-based approach and adaptive approach are utilized
in control law design (Kim et al, 2000; Chang, 2009; Choi, 2007; Park et al., 2007; Wen and
Cheng, 2008). However, these methods use the assumption that uncertainties are essentially
H, norm-bounded, which is sometimes unreasonable for practical systems. For the
characteristics of robot systems, Wang et al. (2019) designed a robust SMC methodology for
robotic systems with compliant actuators that employed a generalized proportional
integral observer technique to estimate the unknown disturbance. Van ef al (2019)
developed a control methodology for tracking control of robot manipulators, in which a
back-stepping nonsingular fast terminal sliding mode controller was used to improve the
robustness. However, these methods were not designed for exclusively joint control, and
the relative joint tracking performance has not been studied or presented. The dynamics of
robot system consists many unmodeled parts and time-varying disturbances such as the
payload effect. These can restrict the control law design and reduce the control performance
of the SMC.

Active disturbance rejection control (ADRC) is a disturbance rejection control method
based on the error feedback (Han, 2009; Li et al,, 2013). The ADRC method does not require an
accurate dynamic system model because the extended state observer (ESO) is used to
estimate unknown disturbance. Further, the ADRC method can achieve the active
compensation for the total disturbance (Freidovich and Khalil, 2006). Only some of the
basic system information, such as the order of the system and the control input/output
channel, are required for controller design. Recently, the ADRC method has been widely used
in many practical applications, such as mechanical systems (Dan and Ken, 2009), processing
industries control (Zheng and Gao, 2012), spacecraft systems (Xia et al, 2011) and bionic
systems (Martinez-Fonseca et al., 2016; Guerrero-Castellanos et al., 2018). This shows strong
robustness and significant potential for engineering applications.

Castaneda et al (2015) used ADRC structure to design an adaptive controller to solve the
trajectory tracking problem of a “Delta” parallel robot with model uncertainties. Talole ef al.
(2010) used the linear ADRC method with linear ESO to design a controller for the trajectory
tracking control of a flexible-joint robotic system, and the experimental result of a rotary
single-link robot was presented to indicate the effectiveness of the ADRC approach. Xue et al.
(2017) proposed a proportional differential (PD)-based ADRC controller for set-point tracking
control of robots, and the experimental results of a 1 DOF rotary manipulator were presented



to demonstrate the effectiveness of the modularized ADRC strategy. Madonski (Madonski
et al., 2019) used the ADRC framework and generalized proportional integral observer (GPIO)
technique to solve the problem of estimating and suppressing periodic disturbances in robot
control. The control scheme was tested on a highly oscillatory 3 DOF torsional plant to
demonstrate its effectiveness. Ren et al. (2018) used the ESO to develop a collision detection
method based on ontology sensors (encoder and torque sensor) for a collaborative robot.
Dong et al. (2020) used ADRC and ESO to design a cascaded torque controller to solve the
compliance control problem of joint torque. The authors have proposed an efficient and
simple robot controller based on the ADRC method to achieve rapid and stable robot
trajectory tracking (MOU et al, 2020). These studies show the application potential of the
ADRC method in robot control. However, the conventional ADRC uses the PD feedback law
and ESO for disturbance suppression, which suffers the same problems as a PID controller
when the disturbance cannot be totally observed (Madonski et al,, 2019). This observation
error and related effect are unavoidable in real robot applications, and it becomes difficult to
improve the control performance of ADRC. For robot controllers that require high speed and
significant precision with various kinds of disturbance, it is difficult for simple PID-based
feedback law to achieve satisfactory results under several conditions.

In this study, a practical and effective robot trajectory tracking control method is developed
based on the ADRC framework. This provides both fast response and high accuracy in the
nominal as well as in the systems with unknown uncertainties and time-varying disturbances.
The main idea is to develop the control law by combining the SMC feedback with the ADRC
control architecture to improve the robustness and control quality of a conventional SMC
controller. First, a tracking differentiator is used to process the reference trajectory to obtain the
smoothed continuous reference trajectory and its derivatives. To estimate the model
uncertainties and unknown time-varying disturbances, the GPIO technique is employed to
design the control law. As compared with ESO, the GPIO can significantly eliminate the
disturbance in the polynomial form, which commonly exists in the robot system. With the help
of GPIO, the new SMC feedback law can be designed for disturbance suppression and high
tracking accuracy. In addition, the robustness of the robot system is further improved. A
simulation example of a manipulator tracking control under different test conditions is
provided to demonstrate the effectiveness and advantage of the proposed control strategy.

In summary, the main contributions of this paper are as follows. (1) A novel observer-
based SMC method is proposed for robot control. (2) The design procedure is practical and
robust to model uncertainties. (3) The selected sliding surface and ADRC framework can
achieve a fast transient response, low steady state error and strong disturbance rejection
ability. (4) In comparison with other state-of-the-art methods, such as PID, conventional SMC
and ADRC, the proposed approach provides a superior performance.

The remainder of this paper is organized as follows. A brief introduction to the dynamic
model of a robot is given in Section 2. The design of the proposed active disturbance rejection
SMC is presented in Section 3. The numerical simulation results in Section 4 demonstrate the
effectiveness of the proposed control method by comparing it with the other three control
methods under different test conditions. Finally, conclusions are presented in Section 5.

2. Modeling of robot system

Figure 1 shows the robot model considered in this study, which consists of a manipulator

composed of # links connected by # single-degree-of-freedom joints. Fy is the base frame,

which remains the same in our study; ¢; is the i-th joint angle; g is the gravity vector.
Based on the Euler-Lagrangian method, the dynamic model of an #n-joint robot

manipulator is usually expressed in joint space coordinates as follows (Khatib and Burdick,

1986):
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Figure 1.
Model of an #-DOF
robot manipulator

Figure 2.

Control structure of the
proposed control
framework

n-1 qn
qs ~° >
Manipulator
q> g
q1
< By
Base
D(q)i+Clg, 4)d+Gq) +d(g, q,d,t) ==, (1)

where ¢, g, §€R™! denote the joint position, velocity and acceleration, respectively;
€ R™! is the joint torque; D(g) € ™" is the symmetric positive definite inertia matrix;
C(g, g) € R includes the nonlinear Coriolis and centrifugal forces acting on the system;
G(q) e R™! is the term of gravitational torque and d(q, q,q,t) € R is the generalized
system disturbance that contains unmodeled system dynamics and external disturbance.

By defining the variables as x1 = ¢, # = 7, y = x1, the system dynamics (1) can be
presented as the following state-space description:

xfl = X2
xo = D7 (xy) (= Clay, X%2)x2 — G(x1) — d +u) )
y=x

3. Design of robot controller

In this section, we present a trajectory tracking controller using the ADRC architecture. The
customized SMC law is designed for the basic tracking performance. Thus, a GPIO is
employed to obtain and compensate the generalized system disturbance. The structure of the
proposed control strategy is illustrated in Figure 2.

qa Tracking ad'ﬁdﬁd Sliding Mode Tc Robot Dynamics 9a
Differentiator Controller yn
Z1,2y,23,Z
1,22,23,Z4 GPIO




In Figure 2, g, is the desired trajectory, ¢g, éd, {, represents the smoothed ¢, and its
derivatives, respectively, 7. is the control torque, g, is the actual joint state and z;, 2o, 23, 24
are the estimation of system states and disturbances.

3.1 Proposed control structure
The control objective for the considered trajectory tracking is to achieve high control
accuracy and strong control robustness. The desired trajectory in practice usually has only
position information and discontinuity point, thus requiring to carry out preprocessing for
further design.

The tracking differentiator (TD) (Han, 2009) is an efficient component to obtain the smooth
desired signal and its derivatives from the provided position signal, which can be expressed
in the following form:

G=q+haq
g2 = q2 + h-than(q, — qq, 192, 70, 1) 8]
gs = g3 + h-than(qs — g2, ¢2q3, 11, 1)

where ¢; = Z]S) are the generated reference trajectories from the given signal, % is the
controller instruction cycleand than(xy, cxa, 79, /o) is a nonlinear function represented as
follows:

2
d = rohy, ag = hocxa, ¥y = %1 + ao

@ = +/d(d+8l])

a; = ap+sgn(y)(a —d)/2

s1= (sgn(y +d) —sgn(y — d))/2 “
a=(a+y—a)s +a

so = (sgn(a+d) —sgn(a—d))/2

fthan(xy, cxz, 70, o) = —r0(a/d — sgn(a))s, — rosgn(a)

The parameter #; affects the tracking rapidity of TD. The parameter / is the speed factor to
eliminate high frequency output oscillations, which is usually set larger than the controller
instruction cycle %, and ¢ is the damping factor that determines the dynamic characteristic of
the TD’s transient tracking process.

The ADRC scheme uses the state observer to compensate for the total disturbance that can
influence the system output. For robot system (2), the total disturbance can be defined as

fop = D7 (=C (21, 22)%2—G (x1) — d) )

where C'(x1, x2) and G (x) represent the system model error of C(x;, %) and G(x),
respectively.

Based on the disturbance observer, the observed total disturbance f,;, can be used as an
additional state x3, and the control torques can be designed as

T =T) — DX3 (6)

where 7, is the control torque generated by the feedback control law, which is usually
designed based on the corresponding integrating system.

The conventional ADRC uses an ESO to obtain the total disturbance (Han, 2009). The
ESO-based controller can significantly eliminate the total disturbance with a constant or
gradually varying form using a simple PD-controller. Other types of total disturbance can
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have the bounded estimation errors under the assumption that £, is bounded or its time
derivative is bounded (Zhou et al., 2009).

The total disturbance can be expressed by the following Taylor polynomials (Wang et al,
2016) assuming the first # time derivatives of 7, exist,

m—1 )
Job = E a;t' @
i=0
where, @; = diag(ay, ai2, ..., ay),and @, @2, ..., a; are unknown constant coefficients.

The GPIO (Sira-Ramirez et al., 2018), which can be considered as a corresponding higher-
order version of ESQ, is used to estimate unknown time-varying disturbances f,. Suppose
systemoutputisy = g, and x;,3 = fob , (>1), the GPIO with the chosen order 7 > 1 can be
derived as

e=z-y
z =2—fe
Zy =123 — By-e+by-u

®)
Zito = Zii3 — ﬂi+2'e
1=1,2, -1
Zm+3 ﬁm+3 e
where zi, 23, ..., Zy3 are the estimations of x, X2, ..., %,43 Trespectively, g, =
: i 0 il i 3 i 1 : :
diag(fi1, Pogs -+ Bon)s Piis Pogs -5 By, > 0 are the observer gains, by is the estimated

value of D™, and « is the control torque.

Using the similar compensation law (7), the GPIO can significantly eliminate up to -order
polynomials from the total disturbance because the disturbance estimation of GPIO (8) can
track the disturbance f o, asymptotically. That implies,

tlirglo(zl—x,)—o,z—l, 2, ...m ©)
The estimation-error state matrix of GPIO (9) has the following form:
41 0 ... 0]
U
Hy= | P S (10)
; 1
—pr 0 .. 0

Following the pole-placement controller tuning methodology from (Gao, 2003), the observer

gains can be selected by matching a desired stable polynomial Py (s) = (s + @,)"” ", where
T . S .
@y = [W,1, @42, ..., Wy represents the observer bandwidth, which is selected as a design
parameter. With the pole-placement approach, the observer gains are selected as
P,(s) = det(s] — Hy) 11
As a result, we can select the GPIO gains as
B = C’+3a)0, i=1,2, ...m 12)

Generally, to obtain higher observer accuracy and improved closed-loop performance, a
higher-order m should be selected. However, it should be noted that increasing the number of



extended states m in GPIO indicates the use of a higher observer bandwidth. Consequently,
the GPIO from (8) could be more sensitive to measurement noise and will increase the
computational effort significantly, which can cause performance degradation or even
oscillation. Therefore, a balanced condition should be achieved among the observer accuracy,
the measurement noise and the system computational ability (Sun ef al., 2016).

For the robot system, mechanical structures and actual application usually cause
relatively smooth disturbances, and thus the disturbance, which can be expressed as (7) by
setting the order m = 1, is a very common case and can be a significant fraction of the joint
torque when the robot runs. In the particular case considered in this study, only one extended
state (m = 1) is used to estimate the total disturbance.

3.2 Control loop design )

As the GPIO output z;, 3 is the estimation of the disturbance fo(é) for i > 0, to develop control
law (6), the GPIO-based SMC law is designed to achieve tracking performance. For a practical
robot, only the joint position is measurable accurately, based on the encoder information.
Hence, the sliding-mode surface s for robot system (1) is given by

s=cre + e 13
where e; =q;—q, and e, =q¢,—q, represent the joint tracking errors; ¢; =
diag(c11, 12, - .-, C1), C11, C125 - - -, C1, are the constant sliding mode surface parameters
and ¢11, €12, ..., C1n > 0.

Subsequently, the approach law can be represented as
s = —&sgn(s) — ks (14)

Where 5 = diag(gl’ 527 RS 5?1)7 517 527 crey gn > 0 and k = diag(kh k27 ey kﬂ)7k17
kg,...7kn > 0.
Combining (1) and (8), the GPIO-based SMC law is represented as

te = D(cie1 + qa + &sgn(s) + ks) 15
+G(g, 9)q + Golg) — Df (za)zs + 1.

where Cy(q, ¢) and Gy(q) are the nominal system models of C(g, ¢) and G(q); f(z4) is the
adaptive regularization term to avoid a rapid change in compensation; f. is the estimate
bound of system error selected as

Je=D((o3+ /i) © sgn(s) — /) (16)
where © is the Hadamard product operator, which represents the elementwise product of two
matrices; o3 is the bound of |z5 — x3]; f, and f; and £; are the upper bound and lower bound
estimates of initial states, and hence f,, > fi. The larger f, can cause significantly higher chatter
when defined errors e¢; and e, approach near the sliding surface s = 0; to obtain better control
quality, we can provide some decay factors ;(¢) to revise the estimated f; as

f. =D((&i(t)os + &o(t)f) © sgn(s) — La(t)f) 17)
where ¢ (¢) is monotonically decreasing, and ¢, (¢), {5(¢) can be selected as the piecewise
function that {,(¢), {5(¢) = 0 when ¢ > £, #y is given time.

As we set the observer order 7 = 1 in GPIO (9), the estimation errors of GPIO can rapidly
converge to 0 when z4 changes gradually, which means the total disturbance does not change
faster than the ramping function. In contrast, estimation errors will increase when z, has a
relatively large value.

Evidently, large estimation errors will affect the closed-loop performance. To increase the
control robustness, we use z4(¢) = [z41, 242, ..., Z4n)" to regularize the compensation term
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from GPIO. The Gaussian functions ¢;(z4;) are used to perform the weighting transformation
as

@i(21) = exp (=25 /07) (18)

where o; is the compensation variance for each joint; large o; means the corresponding
estimation is substantially reliable.
The time profile of z4(¢) is introduced to perform time-domain weighting,

0, t<tf

vilt =) = { 1 altt) 4 t 19

where a; represents the disturbance evolution rate; large ¢; means the disturbance has weak
time-correlation and # is the weighting time length.
Combining (19) and (20), the regularization term f(z4) can be derived as

f(z4(2)) = diag(fi(za1(9)), fo(202(0)) - - - s Su(2an(£)))fi(20i(£))

t
=% / (5 — b)eps(en())de (20)

Summarizing the above analysis, the proposed DOSMC (disturbance observer sliding mode
control) method, illustrated in Figure 2, can finally be obtained.

3.3 Stability analysis
Proof: Combining (14) and (16), the derivative of sliding surface (14) can be modified as
follows:

s = ier+e2 = aer + i —da
= c1e1+ Gy — D7 (=Clx1, 13)22 — G(x1) — d) — D'z,
= =D (=C(x1, 22)xs — G(x1) — d — Co(x1, x2)x2) — D7 (Go(x1) + £;) — Esgn(s)
— ks +f(24)z3
21)

According to the defined additional state x3 and GPIO (8), we can have

§s==D"(=C (v, %)xs — G (1) —d + f,) — Esgn(s) — ks + f(24)23
= —&sgn(s) — ks — D7V, — x5+ f(24)23 22)
= —&sgn(s) — ks — D7, +my + (F(24) — I )z

where 17; = 23 — &3 is the estimation error of GPIO that is bounded under the assumption that
fob 18 bounded.
Consider the following Lyapunov function:

V(s) = =sTs 23)



The derivative of V (s) yields Active sliding
oo T. _ T( e T _ mode control
V(s) = sns =5 (n Esgn(s) n ks —D7'fo4+n3) 45T ((f(z1) — D)z3) for robot

= —Z§i|3i| - Zkisf - Z|Si|((03 L))+ s U4y + (f(21) — D)

en
Zélsz st Dsl (03 + 1) +lezl(l(fz|+I(n3)|+|(23)|) 75

< - 2": stl_
=1

This means that the defined errors e, es arrive at the sliding surface s = 01in finite time. The
sliding motion is then described as

e+ e = 0 (25)

Since ¢; > 0, system (22) can be verified to be exponentially stable. This shows that the
tracking error will slide to the equilibrium point asymptotically under the proposed DOSMC
control law. This completes the proof.

4. Numerical simulations and comparative analysis
In this section, a simulation example of a 6 DOF robot is presented to demonstrate the
effectiveness of the proposed control method. The structure of robot is as shown in Figure 3.

Figure 3.
Structure of the
simulation 6 DOF robot
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Figure 4.

Block diagram of the
simulation robot
system

The proposed DOSMC method was compared with the PID controller, conventional SMC
method and LADRC (linear active disturbance rejection control) method. In the following
examples, all the controller frequencies are set up to 1 kHz. The coupling effect of other joints
is reflected in the applied disturbance torque.

4.1 Simulation example

The tracking process was simulated in a MATLAB/ Simulink environment. The block
diagram of the simulation system is shown in Figure 4. The manipulator is a rigid-link rigid-
joint mechanism, which is set up using the MATLAB/ SimMechanics toolbox. The robot
parameters are set as the design values of real robot as seen in Figure 3.

The motor and driver dynamics are modeled as a double mass spring damping system,
which can be seen from Eqn (27). The disturbance applied to both ends of the link and the
torque side for different simulation cases. The add noise channel block provides band-limited
white noise to reflect the system measurement noise with different levels of signal-to-noise
ratio (SNR) in the corresponding channels.

The motor and driver model is described as

T _ ]L . bss + Ks
" A I S+ bs + K,
Jule )
Jy :]L +Ju

where [y, J; represents the motor inertia and motor load inertia, respectively, b, represents
the transmission damping and K, represents the transmission stiffness. In the simulation,
these parameters are selected as [y = 1.88 X 1073 (kg-m?), ... J, = 3.13 X 1073 (kg -m?),
by = 1.88 X 1073(Nm/s) and K; = 3.78 X 10(N /m).

The design and performance of the disturbance observer can be affected by the
measurement noise. To simulate noise in actual measurements, we analyzed the data
collected from a practical robot. The SNR of the position and velocity channel is
approximately 124 dB and 74 dB, respectively. A comparison of the simulation and
experimental measurements is shown in Figure 5. As can be seen in Figure 5, the add noise
channel block can provide the measurement noise with high model accuracy which
represents the simulation results more reasonably.

Desired trajectory

Torque Joint position
Desired trajectory

Joint position  Control torque TE TL

Motor and driver

Robot controller

Timevarying disturbances

[S outt S Ink
S_Out! S_Int

Trajectory generator
—»Disturbances  Joint velocity|——

Manipulator

Add noise channel
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4.2 Simulation results and discussion
Firstly, we tested the GPIO loop with different noise levels, and the PD controller is used as
the feedback controller. Figure 6 shows the corresponding tracking performance. It is evident
that the used GPIO loop can be stable when the measurement SNR is larger than 40 dB, which
can be sufficiently satisfied in our robot system.
In the first simulation case, no disturbances were applied to the robot system, and the
tracking performance of the nominal system was tested. The joint friction is modeled as the
following Coulomb viscous friction:
Tfn = frlsgn(‘ht) +ﬁ2qn @7
I I I I I Com;nand
0.521 } InfSNR ||
0515 N N —— 130dB SNR ||
' " 1| ===-==70dB SNR
051k ! AL N - b y !lo o= 40dBSNR |
_ L "l ,' y ::.u||,l L
2 0.505 Rt :" 1 "I B R : K "o
= r gt :'
=] ! J
g 3 4
= 1
2 1
[sH) 1 1
k= ' !
1
= [l : n :' :l 'l
0.485 i y W &
3 v ¥
0.48 " ) ' 1
e 4 Figure 6.
0.475 i 1 The GPIO performance
1

under different

1.1 measurement noises
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The friction parameters of each joint in Eqn (27) are set according to the system dynamic
identification results:

fa = [5.6665, 2.951, 2.7750, 2.9656, 1.4458, 1.5185],
fo = [10.4242, 13.1298, 9.6565, 3.5454, 2.4864, 2.0506],

In this case, the sliding friction is almost completely compensated (approximately 90%) by
the feedforward law. For comparison, the first observer gain of the GPIO and ESO is selected
to have the same value of 800. According to the robot manual, the joint torques are limited to
corresponding rated torques of 85 Nm, 85 Nm, 30 Nm, 30 Nm, 10 Nm, and 10 Nm.

The square waves were set as the reference joint torque signals. The tracking performance
comparisons of the abovementioned controllers are demonstrated in Figure 7. All the
controller parameters are optimized using the particle swarm optimization, and the control
objective function is developed by investigating the dynamic performance and stable error, to
achieve balanced performance on response rapidity and steady-state error while keeping the
system stable. All these controller parameters remain the same in the following
simulation cases.

Figure 8 shows the tracking responses of joint 3. The amplitude of the reference square
wave and sine wave is 57.29 °, which is considered as a large moving range in practice. As can
be seen in Figure 8, the proposed DOSMC law can achieve excellent tracking performance for
both response rapidity and steady-state accuracy under different forms of reference input.

More specifically, four representative step-response characteristics were selected to
compare the robot tracking performance under these controllers. Table 1 shows the
calculation results, where f,, M,, t;, es represents the average rise time of 90% steady-
state, overshoot percentages, settling time within the 1% error band and steady-state error,
respectively.

It can be observed that the conventional PID controller cannot balance the response
rapidity and steady-state accuracy, which has a significant overshoot and largest steady-
state error. Owing to the estimation of ESO, the LADRC method can significantly reduce the
overshoot. However, since the feedback law of LADRC is a PD controller, the steady-state
error is difficult to further decrease and settling time is longer. The SMC method designed the
sliding motion to improve control performance, which decreases the steady-state error. The
ADRC scheme can provide the estimation of the total disturbance, which reduces the impact
of perturbation. The proposed DOSMC method combines the advantages of the ADRC and
SMC method, which achieved the best tracking performance among these controllers, greatly
decreases the steady-state error and increases the time required to reach a steady state.
Therefore, it is proved that the control method, proposed in this paper, achieves a good
performance on a nominal system.

For a practical robot system, an unknown time-varying disturbance is applied every time.
In addition, the system dynamics cannot be modeled accurately. In the following simulation
cases, different types of disturbances are applied to the system to analyze the controller
robustness. As can be seen in Figure 7, due to the structure of robot, the joint 3 usually works
under the condition that controllers have the worst performance. For clearly demonstrating,
we only give the performance of joint 3 in the following discussion.

The total disturbance d,, comprises of three parts: the external disturbance dj, the payload
changing term ds and the modeling error ds. The external disturbance d; is considered in the
following form:

0 t <ty

= {Aosin(&r(t — 1) + Astri(t — h) + Ay, 21 @8)
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where tri(¢) is the unit triangle wave with 0.25 Hz, and the maximum amplitude of d; is 15 Nm,

which is 50% of the motor nominal torque.

The payload changing term d is given as follows: when ¢ < #;, no load is applied; when
t > 1y, a payload of 2 kg is carried by the robot.
The reference trajectory is a step signal (5.73°) and a sine wave (5.73° and 1 Hz). The
modeling error ds contains the complete joint friction, which implies that no feedforward
torque is applied. The simulation results are shown in Figure 9.
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Figure 7.

System tracking
responses of
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Figure 8.
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It can be clearly observed that the proposed DOSMC law can significantly suppress the
influence of the applied time-varying disturbance regardless of the cause such as changing
payload or external disturbance. More specifically, for steady state, the maximum tracking
error of the PID controller, LADRC method, SMC method and proposed DOSMC method are
1.43°,0.65°,0.054 ° and 0.011 °, respectively. The GPIO loop can provide stronger estimation
and compensation of unknown disturbances, particularly the ramping form. This indicates
that the controller is sufficiently robust to various disturbances and results in smaller
tracking errors. This case proves that the proposed control method in this study has good
application potential.

For the observer-based control law (7), the system parameter Dis important to the control
performance and requires more accurate prior estimation. However, in an actual robot
system, D varies significantly during the motion of the robot, and the exact value is difficult to
obtain. Finally, in the third simulation case, we tested the performance of the proposed control
method for a large estimation error of the system parameter D.

Figure 10 shows the tracking performance of the LADRC and the proposed DOSMC
method, where the same form of disturbance in the previous simulation is applied. As can be
seen in Figure 8, the estimation system parameter b varies from 0.1 times to 10 times the
nominal value b;. Owing to the customized SMC law, the maximum tracking trajectory
variation of the proposed DOSMC method is approximately 0.1°, while that of LADRC is
approximately 4.5°. It is evidently observed that the simulation results validated the
robustness of the control toward the system parameter D. This indicates that the proposed
control method is insensitive to control parameters and has a good application potential.
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Figure 9.

System tracking
responses of the
comparative methods
in the presence of an
unknown time-varying
disturbance (a) Joint
position under the four
control methods to
square wave reference
input. (b) The local
enlargement of the
dashed box in (@). (¢)
Trajectory tracking
errors for the sine wave
reference
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5. Conclusions

The reference trajectory tracking problem for robots, subjected to unknown uncertainties and
time-varying disturbances, is studied in this study. By using the ADRC structure, the active
disturbance rejection SMC is designed based on the GPIO technique that can achieve high
tracking rapidity and accuracy while simultaneously considering the time-varying
disturbances. The employed methodology introduced a significant improvement in
handling the uncertainties of the system parameters without compromising the nominal
system control quality and intuitiveness of the conventional ADRC design. The simulation
results of three test cases verified that the proposed control method can achieve a satisfactory
tracking performance and has significant practical application potential. Future work is to
improve the optimal design of control parameters and to study the control effect of the
practical controller under specific work tasks.
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