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SUMMARY

An adaptive back-stepping sliding mode controller (ABSMC) algorithm was developed for nonlinear
uncertain systems based on a nonlinear disturbance observer (NDO). The developed ABSMC was
applied to attitude control for the dual arm of a humanoid robot. Considering the system uncertainty
and the unknown external disturbances, the ABSMC scheme was designed to eliminate the chattering
phenomenon in the traditional sliding mode control and to reduce the tracking error closer to zero. The
ABSMC algorithm solved problems related to the chattering of the system for both uncertainties and
disturbances in the humanoid robotic system with an NDO in a two-dimensional environment. The al-
gorithm was designed to work equally well with agents, with higher degrees of freedom in different ap-
plications. The method was appropriate for improving tracking performance. The ABSMC algorithm
guaranteed global stability and improved the dynamic performance of the system. The algorithm inher-
ited a low computational cost, probabilistic completeness, and asymptotic optimality from the fuzzy
sliding mode control. This algorithm has a practical application in the dual arm of a humanoid robot
with a circular trajectory. This paper showed the effectiveness and applicability of the proposed meth-
ods, which reduced the output of the controller and improved the control performance of the humanoid
robotic system. The new combined control algorithm, ABSMC, was able to feasibly and efficiently
weaken the chattering on the robot’s closed-loop paths, starting and finishing at the same configuration.

KEYWORDS: Adaptive back-stepping sliding mode control, Humanoid robots, Nonlinear
disturbance observer, Humanoid robotic system

1. Introduction

A robot control system is a typical, nonlinear multivariable, and strongly coupled complex system.
Many uncertain factors are related to the robot in actual missions. Consequently, the controlled dual
arm of the humanoid robotic system is difficult to operate. On the experimental platform, a stability
inspection of the dual-arm robot control method is necessary. Many scholars have studied dual-arm
robots, with areas of focus including modelling, control, and so on.!"> Tonke and Lee developed a
Petri net model based on specific conditions for each step in the process and developed a transmission
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module to obtain optimal conditions for a sequence analysis. This method also demonstrated the
two independent arms in a way that increased throughput.! Shin and Kim based the validation of
the human-like movements of the controller on a virtual, dynamic model to manipulate objects with
humanoid robotic arms.?

From a control perspective, trajectory tracking control in the sensorless part of the dual-arm
humanoid robotic system was studied.>~® Phee et al. proposed a method to estimate the end-effector
parameters using only a force and a position sensor at the proximal site.> Nicolis et al. employed
a control framework for the sensorless execution of a force control task with an application for a
lightweight dual-arm robot.> Ragaglia et al. introduced a novel approach based on an observer with a
joint position, joint velocity, and electric current measure that did not rely on the dedicated hardware
torque. This was due to the operator power and its ability to conduct arm movement experiments shown
in an ABB’s robotic dual-arm concept FRIDA.® These models could not reduce the complexity of
programming arm exercises that required multiple tasks. The disadvantages of these models included
a lack of accuracy, an inability to ensure the safety of the operator, and so on.

The dual-arm design is essentially an interaction of these models, under specific circumstances with
their environment to monitor interference. In the field of modern control, many studies on these types
of mechanical arm systems have used the sliding mode control (SMC),’~? the internal uncertainty
(operator),'%~12 and/or the external interference (between the manipulator and the environment).'%-12
Liu et al. introduced a nominal, linear time-invariant system, considering the real system as the nominal
one with uncertainties, including parameter perturbations, nonlinear time-varying uncertainties, and
external disturbances,'? and they designed a nominal controller based on the optimal control method
for the nominal system to achieve the desired tracking properties. Although this paper adopted the
sliding mode design, it had nothing to do with disturbance but could bring jitter to the control system.
It is necessary to ensure that the nonlinear system is robust enough to solve the jitter problems of the
SMC. This paper proposed a control method based on a nonlinear disturbance observer (NDO).'# An
NDO is designed as an observer of friction, which changes quickly and, sometimes, discontinuously.'*
An adaptive design was proposed to solve the challenge of the internal uncertainties and the external
disturbances of the nonlinear system of the compound disturbance.

An SMC is very robust, has fast corresponding characteristics, and is therefore an ideal tool
to process a mixed system coupling.'> However, the SMC process is divided into continuous and
discontinuous parts. The discontinuous part ensures that synovial control occurs during the process
of shaking. The boundary layer limit reduces the SMC jitter problem to address this issue. However,
the controller of the tracking accuracy is reduced.'®!” In contrast, the upper bound of the disturbance
is usually unknown. Therefore, the SMC switch gain should be large enough to guarantee system
stability. The results of a previous study showed that the adaptive fuzzy logic could be used to
approximate the SMC switch gain and effectively reduce the jitter of the system.'® Therefore, the
SMC combined with the fuzzy logic proved to be effective in the machine control tool process.

The design followed an adaptive back-stepping sliding mode controller (ABSMC) algorithm with
the support of a system offering steady-state performance. The NDO'*~2> was used to address the
disturbances. The problem of controlling a cooperative robotic system with kinematic and dynamic
uncertainties was analysed as a synchronizing problem in recent studies.?®?’” A Lyapunov analysis
was used to justify the closed-loop stability and the exponential convergence of internal signals. This
paper focused on the systemic existence of uncertainties and external disturbances within the dual
arm of a humanoid robot. The paper also focused on the NDO, which observed system uncertainties
and disturbances by selecting design parameters. As a result, the NDO gave the observer exponential
convergence. For introducing the ABSMC system, the NDO was used to design the controller to
ensure that it was robust to unknown uncertainties and external disturbances as well as to ensure the
stability and security of the system runtime of the humanoid robotic arms. This paper proposed a
method to inhibit the chattering of the ABSMC. The main reasons for the sliding mode chattering
were the inappropriate choice of switch gain and the switching characteristics of the controller. In
this paper, a sliding mode NDO was used to adjust the switch gain of an online adjustment to avoid
excessive chattering due to the choice of switch by compensating for uncertainty. Therefore, softening
the switching characteristics of the system suppressed the chattering effectively.

This paper presented an ABSMC control method to manipulate an object with a humanoid robotic
arm that grabbed objects independently. The paper proposed the dual-arm system model based on the
NDO of the ABSMC method to describe object manipulation features. The paper also provided the sim-
ulation and experimental results, where humanoid robotic procedures were used to validate the method.
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Fig. 1. Left- and right-arm postures of two different mechanical arms.

2. ABSMC Design

The ABSMC algorithm was proposed after considering the dynamic model of parameter uncertainty
and external disturbance of humanoid robots. This control algorithm consisted of an ABSMC with
adaptive parameters for a class of systems satisfying some conditions, where the upper bounds of the
uncertainties were unknown.

2.1. System description
The motor features of a seven degrees-of-freedom (DOF) dual-arm humanoid robotic system were
considered as the research object, as shown in Fig. 1.

The description of the system can be expressed as follows:

)&1 = X2

. K, B N

Xy = A7’!x3 - + 3 Sin (x1)+ dr(x, 1) )]
. R K 1 1

X3 =—7X3 — pPxo+ qu— 7di(x, 1)

where x1, x5, x3, and u denote the position of the mechanical arm, the velocity of the mechanical arm,
the electric current of the motor, and the input of the system, respectively. y = x; is the output of the
system. d, (x, t ) denotes the parameter uncertainty, and ds(x, t) denotes the parameter uncertainty and
external disturbance. Table I shows the meaning of the other parameters and the nominal value.

In this paper, the control target was the output tracking the input command y,; = sin (¢). To achieve
control objectives, it was assumed that the input command y,; and its two derivatives existed and were
bounded, and d;(x, t) was bounded to unknown uncertainties. Therefore, d;(x, 1) < d;, where d; is
known. The humanoid robotic system was a single input and single output, and the system was in an
observable state.

2.2. NDO design

The basic design concept was to modify the estimates of the difference between the output and the
actual output. The disturbance observer was introduced to approach the disturbance of the system to
reduce the influence of the external disturbances on the system and to improve the control precision
of the system. The NDO, which was simple in structure and computational complexity, did not need
to assume that a complex disturbance was extremely slow. The restriction of the rate of the complex
disturbance was relaxed, and a high precision estimation was obtained. The disturbance observer is
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Table I. 7-DOF humanoid robotic arm parameters.

Parameter Physical meaning Value
K. N-m/A) Torque coefficient 1

M, (kg - m?) Rotational inertia 0.0513
B (N-m-s/rad) Viscosity coefficient of friction 0.015
N (N-m) Mechanical arm’s motor torque 0.3528
R (2) Resistance 0.075
Ky N-m/A) Electromagnetic induction coefficient  0.085
L (H) Inductance 0.001

designed as follows:!'*

d = —L(q.¢)d + L(g. ) M(9)§ + G(q.§) — T) @

where d is the internal state vector of NDO, M (g) is the symmetric positive definite, G(g, §) is the
gravitational force vector, t is the control vector, and L is the nonlinear equation. This can be expressed

as follows:
. . [9T(q.9) 9T(q.9)]||q
L(g. §)M(q)j = =112 3)
aq aq q
Let z denote an auxiliary variable vector:
z=d—T(@.9) €
Hence, NDO is given as follows:
z=-L(q.q)z+ L(q,4)(G(q,9) —T—T(q.4)) Q)
According to Egs. (4) and (5), the system NDO can be written as follows:
dA=Z+P(x1,X2) (6)
Z=—L(x1,x)z+ L (x1,x)(=p(x1,x2) — f— gu)

where p (x1, x7) is needed to design the nonlinear function, and L (x;, x,) is the gain of the nonlinear
observer: L(xy, x2)x; = dp(xy, x2)/dt.

By selecting the appropriate L (x1,x;) > 0, the observation error is based on the index of
convergence.

2.3. Based on the NDO of the ABSMC design

Because of the uncertainty of the system and the disturbance, the controller output was higher and
was made directly on the ABSMC system design. To solve this problem, instead of the observer being
part of the compensation, a disturbance observer was designed for load disturbance on the system
performance.

This paper proposed the NDO of the ABSMC scheme illustrated in Fig. 2, creating target tracking in
the closed loop by shaping the robot system with the ABSMC position output. The proposed controller
in the inner position control loop guaranteed an almost ideal tracking of this position reference. The
following sliding mode controller and adaptation law is a representation of an NDO model that is
used in the proposed control scheme.

The back-stepping method is derived from the sliding mode controller and the adaptation law. The

Lyapunov function is expressed as follows:?

1 2
V=V_+ 5 (7
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Fig. 2. Proposed control structure diagram.

For the third-order system, three state variables exist. Therefore, three sliding mode surfaces need
to be defined as follows:

3 1
V= Es% + 55 + Es% 8
where

Si =X,'+Oli_1 (i = 1,2, 3)

where s; is a sliding surface vector, «;_; is the state of the ideal value of x;, and g = y;.

Step 1: The first subsystem of system (1) is X; = X,, where X, is a virtual input, and the derivative
of the first sliding surface s; = x; — y,; with respect to time is as follows:

S| =X| =Yg =X2—Ya =82+ a —Yq ©)]

To make the first subsystem reach the surface of the sliding mode and to create movement on this
surface, the virtual control law is defined as follows:

o) = —kis1 + ya (ki > 0) (10)
The derivative of the first sliding surface V| = %sf with respect to time is
Vl =515 = —k1S% + 5152 (11D

Step 2: The derivative of the second sliding surface s, = x, — «; with respect to time is

. . K; B N . . .
S2=x2_051=AZX3_ZEJQ"‘ESln(x1)+d2(x,t)+k1(sz+0(1_Yd)_yd
K B N . S
= E(Sz +ay) — A7,x2 + M, sin (x1) + da(x,t) + ki(s2 + @1 — Yq) — Va (12)

The virtual control law is defined as follows:

bosr — 2+ 2y = Ysin () — L darsgn (52) + kg + o5, (13)
oy = —kysy — —s —Xx) — —sin(x)) — — sgn (s — —
2 252 Kzl K,2 K, 1 K, A28gN (52 K 1Yd szd
where
1 S2>O B
sgn(s2) =10 =0, dao=ds
-1 82<0
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Equation (13) is nondifferentiable. Therefore, Eq. (13) is modified as follows:

M, B N M, Ky M,
) = —kysy — —-51 + —x) — — sin (x]) — —das Hoh —klyd + =L, (14)

K Kt Kt Kz / s% + 52 K; K;

where ©, and &, are constants for the design @, > 1 and O < & < 1, respectively.
The derivative of the second sliding surface V, =V + w1th respect to time is

Vo = Vi + 5282 = —kisT + 5150 + 5252 (15)

Now, the derivative of the second sliding surface is substituted as a sliding surface derivative (12)
into Eq. (15). This yields the following:

w2 |52
1/s%-i-gzz

Using the aforementioned NDO and the structural diagram in Fig. 2, the third subsystems of system
(1) can be written as

Vy = Vi + 5282 = —ki5? + 5152 + 5282 = —ki57 + 5152 — |s2] dan( -D (16)

. R K 1 1 _
Xy =—Tx3 - fbxz + Z(ubp —Ug) — de3(x’ 1) = f(x2,x3) + g(upp —ug) +d = f+ gup, +d
) (17)
where f = f(xp,x3) = — x3 Kbxz, g= % = % and d is the observation error of the NDO
d=d—d.
Step 3: The adaptation law was designed as follows:
3 = X3 — G K+ ld( 1) (18)
$3 = X3 Oy = LX3 I X2 Lu 3(X, Ol2
1 . . .
Upp = g(—k3s3 — 8y — [+ ax(x)) + ar(x2) + a2 (ya) — dazsgn (s3) (19)

Next, the disturbance observer for the third subsystem design is substituted into Eq. (1). Considering
Eq. (6), the input to the controlled system is as follows:

1 . . . A
U= Upy, — Uy = g(—k3s3 =8 — f+ax(x)) +az2(x2) + az2(yq) — dazsgn (s3) — d3) (20)

Now, the controlled system input (20) is substituted into Eq. (18) as follows:

§3 = —kss3 — 55 — dazsgn (s3) + ds (21)
where dy =d;(x,t) — d5. The disturbance of the system reduces to d3 from ds (x, t). With the decrease
in d3, the chattering of the system also reduces.

Stepi (3 < i < n): Assume that we have designed virtual control laws «; and defining s, = x, —

an-1,j=1,2,3,...,i— 1. Computing the derivative of s,

Sp = Xp — Op—1

n—1 n—1
_ = = = _ 85{11 1 dogy—1  (k+1)
= go(X)u + fuo(Xy) + dp (X, 1) P ax; X — kz:l a5 Ya (22)

n—1

n—1
= 0B+ fro(E) = X 2 (i + f5(8) — 2 Tty + danC, 1)
j 1

J=1 k=
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where dp,(%,, t) = — Z;’;} 3g‘;f‘d (X;,1) + dy(%,, 1). Assume that we have da,(%,,) bound and
_ J
|dAn(Xn, t)l = dAn-
The time derivative of Eq. (7) provides the following Lyapunov function:
V = Vn—l + snjn (23)

&i

N

Using the above step, on the premise of meeting |s;| >

the resulting expression of V' is

reduced to

n—1
14 =< - Z kjsj + Sp—15, + Sn(_knsn — Sn—-1 — _dAnSgn(sn) + dn)
o . (24)
=< - Z:ijsj — |Sul dan + Sndy) < — .X:ijsj(n =1,2,3;)
J= J=
As a result, the controller could be a stable system, and the NDO based on the ABSMC under the
assumptions in Section 2.1 might remain uniformly and ultimately bounded. The range of the system
error is |s;] < —S—

= /_Mlz_l-

From formula (24), we can obtain the following theorem.

Theorem. Based on the input command y; and its two derivatives being existing and bounded,
and d;(x,t) was bounded to unknown uncertainties, and there were nonlinear disturbances in the
observer and control laws, we know that all the signals in the closed-loop system are bounded and
that the system is bounded and stable.

3. Simulation Example
This paper proposed the NDO based on the ABSMC as a simulation. Next, the NDO sliding mode
observer was designed. The NDO was used to estimate the matching interference for the dual arm
of a humanoid robot. This paper designed a sliding mode observer to decrease the system’s total
interference, which would weaken the chattering of the SMC. The observers were challenging in this
design. The simulation and experiments were based on a humanoid robotic manipulator with DC
motor drives.

The aim of the repetitive control system was to run on a cycle of deviation after the first few cycles
of learning; it could track the reference signal well. When the input signal, r(¢), is the bounded signal
for the L period, it meets the following conditions:

1. [I + C(s)P(s)K(S)] is regular.
2. [I 4+ C(s)P(s)K(S)]~! is asymptotically stable.
3. I = [I + C(s)P()K(S)]'C(s)P(s)|» < 1.

Here, I is the unit array, K(S) is a feedforward item, C(s) is the proportional-integration-derivative
(PID) control item, and P(s) is the open-loop transfer function of the system; in this case, the repetitive
control system was stable, and the error was converged.

The method and the PID control were compared with repetitive control compensation to better
display their effects and advantages. The comparison between the position tracking and the controller
output of the proposed scheme as well as that of the PID control with repetitive control compensation
is shown in Fig. 3.

Ascanbe seenin Fig. 3(a), many position errors were observed in the beginning. However, Fig. 3(b)
shows that with the controller algorithm, the error was almost close to zero. Fig. 3(c) and (d) shows
that while a PID controller with repetitive control compensation was chattering, the ABSMC strategy,
which was at the beginning of the first and second peaks, showed the chattering phenomenon. The
reason for this result was that the SMC interfered with the sliding mode surface.

4. Experimental Results

Three experiments were performed on the arms?® of the humanoid robots to verify the effectiveness
of the proposed controller. The previously proposed adaptive robust controller with repetitive control
compensation and the controller (ABSMC) proposed in this paper were compared.?® In the first set
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Fig. 3. Comparison of two control strategies. (a) Repetitive control with PID position tracking. (b) NDO based
on ABSMC position tracking. (c) Repetitive control compensation and PID controller output. (d) ABSMC and
NDO controller output.

of experiments, the trajectory in the Y -direction was considered under the effect of gravity. A more
challenging double mechanical arm system test was used in the second experiment, which considered
parameter uncertainty and external disturbances. The third experiment was a dual-arm moving object.
The purpose of these experiments was to evaluate the performance of the proposed controller structure
and the stability of the robotic system.

In the first experiment, a circular trajectory radius of 1 m was considered, as follows:

x, = 1.0cos (0.02t) u(t — 2)
v, = 1.0sin (0.0271) u(t)

where u (¢) denotes the unit step function. Circular trajectory tracking was adopted in the experiment;

in the XY-plane, circular trajectory tracking was done through three focal points around the

implementation of the algorithm. Subsequently, the mechanical arm was set for three points in the

planar coordinates of (0—1000) mm, (0—1000) mm, and (0, 1000) mm. The entire process of the task

time design took 12 s. Figure 4 shows the specific task execution.

Figure 5(a) shows the results of the repetitive control of the PID controller in tracking the desired
trajectories in the XY-plane. The solid red line tracks the desired trajectories. At the same time, the
dashed line portrays the actual results. As shown in the figure, in the process of controller trajectory
tracking, the repetitive control of the PID controller was not appropriate because of the lack of
consideration for the dynamic effect on the controller structure. In this case, the angular and linear
velocities of the system error were relatively high, as shown in Fig. 5(b), because the actuators
were affected by the change in the Coulombic force. Figure 6(a) verifies the effectiveness of the
proposed ABSMC controller to track the desired trajectory. Based on the adaptive parameter design,
the controller capitalized on combining the SMC, the back stepping for uncertainty, the offset of the
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Fig. 4. Circular trajectory tracking process.
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Fig. 5. Repetitive control with the PID trajectory tracking and the error chart.

structural uncertainty, and the parameters to provide appropriate tracking performance. Figure 6(b)
shows that the angular and linear velocities of the system error were relatively small and that the
convergence was better. Figure 6(b) shows that the error in the tracking performance was reduced
compared with Fig. 5(b). Therefore, the ABSMC was more robust using the proposed method than
using repetitive control with the PID method.

The second experiment considered the following system output trajectory tracking with the dual
arm of a humanoid robot. The experiment was performed on the 7-DOF dual arm of a humanoid in
the actual task environment. This robot was given the task of moving a plastic box. The experimental

system and the system parameter selection®® were as follows:

)él = X2
% =M (xp) [u— N(x1, x2)x0 — G(x1) + d ()]
y=x

where G(x;) € R? denotes the gravity vector and d(¢) € R? denotes the external disturbance. Figure 7
shows that the humanoid robot was given the special task of opening a door.
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Fig. 6. The proposed controller ABSMC trajectory tracking and the error chart.

Fig. 7. Mechanical arm test process—opening a door.
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Fig. 8. Mechanical arm position tracking system.
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Figures 8—12 show the experimental results. In this case, parameters M (x;); duringthe | <¢ <3
have 1kg - m? fluctuations, and d = 2 is the external disturbance. Figure 8 shows the arms of the
tracking trajectory around the system positions. The left arm, in the case of a disturbance, portrayed
an obvious deviation from the desired tracking trajectory. The mechanical arm controller input is
shown in Fig. 9. Figures 10 and 11 demonstrate the left and right arms under interference and no
interference, respectively. The observer is the error value of the observed position system output. This
figure clearly shows that the left arm adds interference, which can be viewed by the observer, and
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Fig. 13. The noumenon of the 7-DOF robot arm motion test process.

the error in the left arm is obvious. The fast convergence error is present on the right arm. Figure 12
shows the proposed controller for the actual interference and the NDO observations.

To demonstrate the validity of the proposed control method, the third experiment was conducted
tracking the trajectory changes in moving objects on a dual-arm robot. As shown in Fig. 13, the dual-
arm robot has 14 DOF, and every wrist joint is equipped with a 6D-force sensor. The manipulated
object was a plastic box weighing 2000 g. Figure 5 depicts the experimental system process between
the fingers and the objects at the contact spot; there was no relative movement between the ends of
the fingers and the objects.

The experimental operation is described in Fig. 14. The first picture shows the initial state of the
robot’s arms, which have no contact with the object. The dual arm holds a roadblock off the ground
and moves forward, as shown in the pictures from the second to the fifth. The sixth picture shows
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Fig. 14. Using the proposed method in this paper, the response curve of the space motion of the dual-arm moving
object. (a) Trajectory tracking changes in the moving objects. (b) Comparison between the planning trajectory

and the actual trajectory in the process of moving. (c¢) Errors change in three directions during the moving
process.
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the double arm posture of the robot when the roadblock is lowered. According to the analysis of the
recorded data of the right arm, we set its starting, intermediate, and end coordinates to (0.44,460,0.1),
(0.44,400,0.1) and (0.44,400,0.1), and (0.44,460,0.1), respectively. Figure 14(a) displays the reference
coordinates system of the right arm, and the errors of the actual motion and the tracking trajectory
are demonstrated in Fig. 14(b) and (c).

Figure 14(a) shows the trajectory change curve of the robot in the process of object handling. Since
there is a rotational transformation between the world coordinate system of the robot right arm and
the Matlab drawing tool coordinate system, the rotation of the X -axis is 90°. The data in Fig. 14(b) is
changed from Fig. 14(a) by rotation, and its time change trend is consistent with the robot coordinate
system. From Fig. 14(b), the actual trajectory tracking direction could be seen, as the arrow shows
below, which indicates that the actual tracking error is large at the initial stage. However, as the tracking
task continues, its actual trajectory tracking motion tends to remain stable. From the error curve of the
three directions in Fig. 14(c), we can see that the change in the actual error is gradually convergent.
The fluctuation in the diagram is due to the high accuracy of the NDI dynamic measurement system,
which captures tiny vibrations. Therefore, its actual error curve is jittering, but its overall trend is
convergent.

A conclusion could be drawn from the experimental results that the control method proposed in
the application of the dual-arm robot can effectively grab the object. The position and posture of the
object in the free motion space can be quickly converged, and the motion error converges to a small
neighbourhood near the origin, and the position error is very small. However, when the large object
is moved, the time is shorter because of the lack of friction between the finger and the object.

S. Conclusion

This paper proposed the ABSMC algorithm for the dual arm of humanoid robots using an NDO. This
algorithm was used to offset the bounded uncertainties because these types of robots in kinematic
and dynamic models inevitably contain un-modelled dynamics, parameter uncertainties, and external
disturbances. In addition, the use of the NDO matched the disturbance observation to reduce the
total interference of the system, thereby weakening the chattering of the SMC. The controller did
not need to generate any robot kinematic or dynamic models of the regression matrix. In addition,
the controller proposed in this paper ensured that all the signals in the closed-loop system were the
index of convergence, and the tracking error was uniformly and ultimately bounded. The paper also
verified the use of the proposed controller for tracking performance applicability of humanoid robotic
arms. Finally, the compensation controller with PID control and the repetitive control scheme were
compared.
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