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ABSTRACT In most conventional robotic arms, the motors are installed on the rotating shafts within the
arm, which means that the shape and size of the motors must be considered in the design of the arm, while
the weight of the motors increases the torque on the supporting joints generated during arm movements.
This paper presents a dual-axis robotic arm with the motors installed on the base of the device to overcome
these issues. Movement around the first axis is driven by a gear, while that of the second axis is driven
by a belt. Trajectory tracking is controlled by an adaptive sliding mode controller (ASMC). In simulations
and experiments, the proposed robotic arm outperformed arms using PID control and sliding mode control

(SMC) in terms of tracking accuracy and stability.

INDEX TERMS Robotic arm, low torque, adaptive sliding mode control, tracking error.

I. INTRODUCTION
Robotic arms are widely used to improve manufacturing
efficiency and product quality, while reducing labor costs
and improving safety [1], [2]. Manipulator accuracy, load
capacity, stability, and response speed vary with the intended
function of the arm.

The stability of robotic arms depends on the size and
structural design of the arm as well as the control system. Roy
and Whitcomb [3] compared the structural benefits of various
linkage designs for robot arms with 2 degrees of freedom
(2)-DOF) and a semi-direct drive system, including the paral-
lelogram linkage, double parallelogram linkage, double-kite
linkage, and band-drive. Yadmellat et al. [4] applied mag-
netorheological (MR) clutches to the same class of robotic
arms to reduce joint impedance and ensure smooth motions.
Kim et al. [5] developed a novel balance mechanism for a
6-DOF robotic arm, which uses a spring and slider crank
within a double-parallelogram mechanism based on bevel
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gear units. Min et al. [6] developed a passive counterbalance
mechanism (CBM) based on springs and wires to compen-
sate for gravitational effects arising from the roll and pitch
joint motions of a wall-mounted robotic arm. Huang et al.
[7] developed a robotic arm with a spherical joint module,
a rotary joint module, and a hybrid serial-parallel electric
drive system. Groenhuis et al. [8] developed a multi-axis
stepping motor capable of multiple DOF actuation to enable
the coaxial driving of three arm joints. Korayem et al. [9]
used robotic chains to form a closed-loop for application in
cooperative robots, which can break through the limitations
of frictional contact between the end effector and object.
Aghajari et al. [10] proposed a new structure of robotic chain
that gear can generate linear motion; this structure has a
simple mechanism and provides an extended workspace for
robotic equipment.

Numerous control methods have been developed to enable
reliable high-accuracy trajectory tracking. Baek et al. [11]
combined adaptive time-delay control (ATDC) with sliding
mode control (SMC) to track the trajectory of a robotic arm.
Note that ATDC uses delayed signals to eliminate nonlinear

© 2023 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

117110

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

VOLUME 11, 2023


https://orcid.org/0000-0001-8332-768X
https://orcid.org/0009-0001-3893-9537
https://orcid.org/0000-0002-9540-3675

J-W. Wu et al.: Mechanism Development and Pulse-Width Modulation Advanced Controller Design

IEEE Access

dynamics and interference terms, while adjusting the con-
trol gain adaptively to suppress chattering. Guo et al. [12]
proposed an adaptive neural network control (ANNC) with
backstepping to train an unknown model in the real-time
adjustment of parameter weights according to system state
errors. Zhu et al. [13] proposed a controller to preserve
high-precision trajectory tracking and transient response
times under the effects of neutral uncertainty and dead zone
nonlinearity. Nubert et al. [14] proposed a model predictive
control (MPC) function that uses a neural network to reduce
computation time with discrete planning and control layers
to reduce the complexity of tracking control tasks. Xiao et al.
[15] proposed an adaptive fault-tolerant control method that
simultaneously considers actuator faults, disturbances, and
uncertainty in joint velocity measurements. Lee et al. [16]
proposed dynamic adaptive gain for use in time delay con-
trol (TDC) systems to overcome the fact that constant (i.e.,
non-adaptive) gain cannot ensure accurate trajectory tracking
under changing loads. Lin et al. [17] developed a dual-loop
strategy to ensure robust model control in dynamic trajec-
tory adaptation. Their control methodology is partitioned
into external and internal loop controls. The external loop
control employs recursive least squares estimation to plan
the trajectory dynamically, while the internal loop control
employs model-reaching control to linkage the trajectory and
the tracking error.

In the current study, we proposed a new 2-DOF robotic
arm mechanism to improve the torque and weight issues of
conventional robotic arms, in which the motors are installed
on the base to reduce the unwanted torque induced and poten-
tially increase the stability during robotic arm movement.
Movement around the first axis is driven by a gear, while
that of the second axis is driven by a belt. The links, shafts,
and motor seats were all designed to ensure easy assem-
bly. We also developed an adaptive sliding mode controller
(ASMC) for trajectory tracking to overcome disturbances and
modeling uncertainty, while reducing dependence on artifi-
cially sliding surface parameter adjustments.

The remainder of this paper is organized as follows.
Section II outlines the design of the manipulator hardware.
Section III describes the proposed ASMC control system.
Section IV presents simulation results for three trajectory
tracking control schemes. Section V presents the results of
experiments aimed at assessing the tracking performance of
the proposed scheme. Conclusions are drawn in Section V.

Il. MANIPULATOR HARDWARE DESIGN
This study sought to resolve the problems of conventional

robotic arms in which the motor is installed on the rotating
shaft, which increases the weight of the arm and the cor-
responding torque generated by arm movements. We also
sought to facilitate assembly and disassembly of the arm for
repairs.

A. HARDWARE DESIGN: MANIPULAR
Fig. 1 illustrates the configuration of the proposed robotic
arm. Table 1 lists the specifications of the components.

VOLUME 11, 2023

Pulley Il —
T Shaftll
Belt [[ —————
__— Idle pulley
Beltl = ___— GearIl
Pulley I — 4 _— Shaft1
i, — Gearl
Motor I1 . Motor [

FIGURE 1. Mechanical structure of proposed robotic arm.
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FIGURE 2. Gear mesh diagram of 28 mm datum circle diameter.
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FIGURE 3. Assembly diagram of pulleys and belts: (a) Front view; (b) Side
view.

Among them, the specifications of Gear I and Gear II are
the same because they are only used for transmission, and
since their datum circle diameter is 28 mm, the distance
between the centers of the two gears for complete engagement
is 28 mm, as shown in Fig. 2. Pulley I, Pulley II, and Idler
pulley’s pitch circle diameters are all 44.56 mm and are
only used for transmission. Pulley I and Pulley II have the
same specifications and are suitable for using a belt width of
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Linkage II

—_— Linkage I

FIGURE 4. Schematic illustration showing the 2-DOF robotic arm.

TABLE 1. Specifications of mechanical components.

Part Name Specification
Gear 1 Datum ecircle diameter: 28 mm 28 teeth
Gear Il Datum circle diameter: 28 mm 28 teeth
Pulley I | pitch circle diameter © 44.56 mm Suitable belt width: 10 mm
Pulley I1 | pitch circle diameter © 44.56 mm Suitable belt width: 10 mm

Idle pulley | piich circle diameter * 44.56 mm Suitable belt width: 25 nun

Belt I length: 340 mm width: 10 mm

Belt 1T length: 410 mm width: 10 mm

s — N e « N ]

b > ——n ]

connecting rod

left board right board

FIGURE 5. Linkage assembly.

10 mm. The idle pulley is a transmission part between the two
pulleys and requires at least 20 mm of space to accommodate
two 10 mm belt widths. Therefore, we chose an Idle pulley
with a belt width of 25 mm to reserve a gap of 5 mm between
the two belts. Fig. 3(a) and (b) show the assembly diagram of
the pulleys and belts, which detail the components’ size and
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FIGURE 6. Assembly of Shaft-1.
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FIGURE 7. Assembly of Shaft-II.

relative position in front and side views. As shown in Fig. 4,
Linkage-I (yellow) alters the position of Linkage-II (blue).

B. LINKAGE DESIGN

We adopted a hollow linkage design to minimize the weight
of the robot arm. As shown in Fig. 5, the two beams in
the linkages are locked together by screws passing through
the beams into connecting rods. The protruding cylinder
at the lower end of the left beam has three screw holes
evenly spaced around the circumference (i.e., at angles of
120 degrees), which is used to secure the linkage assembly
on the shaft. There are large holes at the top of the beams
providing a seat for circular bearings surrounded by four
holes for mounting screws. Note that the left and right beams
used in Linkage-I are identical to those in Linkage-II. The
only difference between the two linkages is the length of the
respective connecting rods.

C. SHAFT DESIGN

The design of the shaft was meant to facilitate the stable
attachment of various mechanical components. As shown in
Figs. 6 and 7, the diameter of the shafts and holes through
the components on the left side (Gear-1, idler pulley, bearing
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FIGURE 8. Schematic diagram of motor seat and shaft sleeve.
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FIGURE 9. (a) Motor front seat; (b) Motor back seat; (c) Shaft sleeve.

Shaft I

FIGURE 10. Gear-drive system for Linkage-I.

housing) are all 10 mm, while the diameter of the shafts
on the right side varies step-wise between 16 mm, 13 mm,
and 10 mm to enable the clamping of various components
securely in place with minimal locking devices. Note that the
idle pulley is held in place between the 13 mm section of the
shaft on one side and a C-ring set within a groove on the other
side. Flat sections were also cut into the shaft to enhance the
stability of locking screws.

D. MOTOR SEAT AND SHAFT SLEEVE

As shown in Fig. 8, the motor assembly includes front and
back motor seats to minimize vibration and a shaft sleeve to
connect the gear assembly. The front seat provides a groove
into which the motor is inserted with four screw holes cor-
responding to holes on the motor (Fig. 9(a)) and the upper
section of the back seat can be adjusted vertically by screws
to lock the motor securely in place (Fig. 9(b)). A sleave is fit
over the motor shaft to increase the diameter to 10 mm, which
corresponds to the diameter of the hole in the gear assembly
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FIGURE 11. Belt-drive system for Linkage-II: (a) Belt I; (b) Belt II.

(Fig. 9(c)). Note that the sleeve is tightly locked to the front
end of the motor via three screw holes evenly spaced around
the circumference (i.e., at angles of 120 degrees).

E. GEAR DRIVE

Fig. 10 illustrates the configuration of the gears driving
Linkage-I, where Gear-1 and Gear-II have the same number of
teeth and Linkage-I and Gear-II are attached to the same shaft
(Shaft-IT). Thus, any counterclockwise rotation of Motor-1
and Gear-I causes an equal clockwise rotation of Gear-II as
well as Linkage-1.

F. BELT DRIVE DESIGN

Fig. 11 shows the belt-drive system used for Linkage-II.
As shown in Fig. 11(a), Motor-II is connected to Pulley-I,
such that any clockwise rotation of Motor-II and Pulley-I
causes an equal clockwise rotation of Belt-I and the Idle
pulley. As shown in Fig. 11(b), the rotation of the Idle pul-
ley causes a corresponding clock-wise rotations of Belt-II,
Pulley-II and also Linkage-II to which Pulley-II is attached.
Note that a bearing between the Idle pulley and Shaft-I
ensures that the rotation of the Idle pulley does not affect
Linkage I.

I1l. MODELING AND CONTROLLER DESIGN

The relationship between angular velocity w,, and the input
voltage u, of the DC motor in Fig. 12 can be expressed
in accordance with the electrical and mechanical equations
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FIGURE 12. Transfer function of motor.

in [18] as follows:
G(s) = Wi (S) _ kT/Ra
uy(s) (B + 8J) + kgkr /R4

where kg is the back-EMF constant of the motor measured

using ﬁ, kr is the torque constant of the motor measured

ey

using N;n/A, while R, is the terminal resistance of the motor
measured in terms of €2, J is the rotor inertia of the motor
measured in terms of kgmz, and B,, is the viscous friction
constant of the motor, the unit of which is Nms/rad. However,
B,, cannot be obtained from motor specifications, but it can
be calculated by the following:

_ kr x Iy

By = 2
m v 2

where I,;; is the no-load current, V,; is the no-load speed, and
kr is the motor torque constant. According to the Eq. (1), the
angle of the motor 6,, can be expressed as:

kT/Ra

O (s) = u
T sl + By + BT

(5) 3

Using inverse Laplace transformation on Eq. (3):

kekr \ - kr
Op = — 4
R, ) 'm R, uy @

Jb,, + (Bm +

The above equations are all considering the case of no-load
on the motor. In order to evaluate the situation of installing a
mechanical arm, Eq. (4) can be expressed as:

.. krpk . k u
J9m+(Bm_|_ II:;aT)emzR—zuv__f 5)

where u, represents the control torque vector, and Ry is the
reduction ratio of each motor. We define the joint angle of
the robot arm as 6, which can get 6,, = Rg x 6, and we can
rewrite Eq. (5) as:

. kekr - k
R% [J9+(Bm+ ;T)9]=RRR—Tuv—uf (6)

a a

We use the Lagrangian formulation [19], [20] to establish
the dynamic model of the proposed manipulator:

ur =M ()0 +C (0,0) + G(©) )
M@ =3 (Thmidi+Th) ®)
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where M(0) is the inertia matrix, C (9, é) is the centripetal
and coriolis force vector, and G(0) is the gravitational force
vector, while J,; and J,; are the Jacobian matrices of linear
velocity and angular velocity in the center of mass of linkage
i, and m; is the mass of linkage i. Finally, 6 is the angular
displacement of the link, and g = [0 —go O]T is the gravi-
tational acceleration vector, where go= 9.81 m/s>.

We combine the model of the motor (Eq. (6)) and the
dynamic model of the manipulator (Eq. 7), which can obtain
the following model:

G ) = (10)

. kekr \ - k .
R,%[J@Jr(Ber ZT)9]=RRR—TMV—M(9)9
a a

- C(0,0)-G®) (11
Furthermore, Eq. (11) can be rewritten as follows:
D®)6+C(0,0)+BO+G©O) = ur (12)

where D (0) = M () + RIZQJ is the inertia of the link and
motor of the robotic arm, B = Rlze(Bm + %) is the friction

constant of the robotic arm, and u, = RR];,—TMV is the torque

of the robotic arm. Finally, we use Eq. (12) in the following
controller design.

A. ADAPTIVE SLIIDING MODE CONTROL (ASMC)

We seek to design an advanced controller that can adequately
handle the nonlinearity and uncertainty terms and meanwhile
gain high robustness and self-tuning properties. Therefore,
we combined SMC [21], [22] and an adaptive law [23] for
manipulator control (see Fig. 13). The ability to adjust system
parameters according to external interference and uncertainty
should increase the robustness of the control system in terms
of tracking precision.

The control process begins with a comparison of the actual
angle and expected angle to obtain the tracking error, which
is then input into the SMC to output control voltage to the
motor. Introducing the error into the adaptive law allows the
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sat(x)

FIGURE 14. Saturation function.

derivation of new adjustment parameters, which are then fed
into to the SMC to update its adjustment parameters. After
the motor outputs torque to drive the robotic arm, the angle
of the arm is fed back to calculate the corresponding error.
To compensate for noise interference and differences between
the system parameters used to calculate control forces and
the actual system parameters, Eq. (12) can be rewritten as
follows:

Dy (0) 6 + Co (0,0) + Boby + Go (0) = ur +d(t) (13)

System parameters can be classified into two groups:
known items and uncertain items, denoted as D (#) =
Dy () + AD (), C (0,6) = Co(0,6)+AC (0,6), B =
Bo+AB, G (0) = Go (0) +AG (0), where d (¢) is the com-
bined effects of control noise and uncertain items. If we
define d| = Dy, l(d), then the angular acceleration of the
robotic arm can be obtained as follows:

6 =-Dy' (Co+Go+Bof) + Dy (w) +dr (14)

Sliding surface s of ASMC is selected as follows:
s=é+ e (15)

where e = 6; — 6 is the tracking error, which is obtained
by subtracting the actual angle 6 from the desired angle 6,
while A > 0 is the estimated positive adjustment parameter.
The careful selection of sliding surface variable s stabilizes
the system to attain convergence when the system state is
on the sliding surface. Differentiating the sliding surface
Eq. (15), we obtain the following:

§=é4+re=—0+hre

=Dy (Co+ Go + Bob) — Dy (ur) —dy +4é  (16)

Assume that § = —«ks — 7sign(s), where K> 0 and 1 >
|di| > O are the estimated positive adjustment parameters.
As shown in Fig. 14, sign(s) is a discontinuous function,
which means that it should be replaced with saturation func-
tion sat(s), as follows:

1, s> €
s

sat (s) = , —€<s<e (17)

€|
-1, s<—¢

VOLUME 11, 2023

The control signal of the robotic arm can be derived in
accordance with Eq. (16) as follows:

u, = Dy (fes + hsat(s) + ié) 4+ Co+Go+Bob  (18)

Finally, we can use the updated law to speed up the conver-
gence of error as follows:

=01(s* — yik) (19)
o2 (Isl = y2) . Isl = €
(20
——Vzn),|8|<e
= 03(y34) 1)

where o1, 02, 03, V1, V2, Y3 are positive constants.

B. STABILITY ANALYSIS
Lyapunov function [24] is widely applied to verify the sta-
bility of dynamical systems and control theory. In the current
study, we define a positive definite Lyapunov function candi-
date as follows:

v, 1o +1i~2+ll~2+1i)\2 (22)

AME= " 25" T2, T 20

where &, 7, and X are the estimation errors of «, n, and A,
respectively defined as ¢ = k — &, 7] = n — 7, and A =
A—h. Stability can be analyzed by differentiating Eq. (22) as
follows:

Vasmc
1 1 1=
=55+ —Ri + —rm + —AA
01 (o)) o3
=5 (D5" (Co+ Go + Bof) -

1 L 1 L )
+ —Kkk + —nn+ —AAr
o] 02 03

Ol(uf)—d1+ié)

=5 (05" (Co+Go-+Bob) ~Dg " (Do (#s-+isar(s)+42)

. A~ 1 - 1 oL )
+Co + Go + Bof) — di + xe)+—/a<+—nn+—m
o1 07 03

1 . 1 . 1 ~2
=5 (—I?S — nsat (s) — dl) + —kik + —ni + —AL
o1 02 03

1 . 1 . 1 -2

= —Rs? — siisat (s) — sdy + —kk + —7n + — ik (23)
o1 o) o3

In accordance with s selection, this problem can be divided

into two cases. In Case 1, if |s| > ¢, then the differentiation of
the Lyapunov function candidate can be expressed as follows:

¥ ~ ~ l -l 1 - l ~2
Vasmc = —ks? — fi|s| — sdy + —RK + — i) + —Ax
o1 (ep) 03

- - 1. 1 _.
=& — 1) s>+ (@ —n) sl —sTdy + —Fkk + —iin
o1 o

1 ~2
+ —Ar
03
~ 2 1 -~ ~ 1 - ~ 1=
=ik|s"+—k)+nllsl+—=—n)+ArA{—2
o] 0 03
—ks? — nls| — sd; (24)
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TABLE 2. Motor parameters.

Parameters Descriptions Motor I Motor II
ky (Nm/A) Torque constant 0.0413 0.03867
R, () Terminal resistance 5 298
J (kgm?) Rotor inertia 0.000026 0.000017
kg (Vs/rad) Back-EMF constant 0.04135 0.03867
L, (H) Rotor inductance 0.00054 0.000365
B,, (Nms/rad) Viscous friction constant 0.000009 0.000003
Ry Reduction ratio 246:1 134:1
Resolution (deg) | Minimum rotation angle 0.001429 0.002624
TABLE 3. Robotic arm parameters.
Parameters Descriptions Values
go (m/s?) Gravitational acceleration 9.81
my (kg) Mass of linkage I 0.31
m;, (kg) Mass of linkage II 0.24
l; (m) Length of linkage I 0.13
I, (m) Length of linkage II 0.13
ley (M) Centroid position length of linkage I | 0.065
lp (M) Centroid position length of linkage II | 0.065

Substituting Eq. (24) into Eq. (19), Eq. (20), and Eq. (21),
we obtain the following:

Vasmc = MRk + yaiii) + y3ha — ks® — i ls| — sdy - (25)
Due to the fact that

A - - ~ ~ 1T~
YIKK = Y1k (kK — /{):—)/UC2 + y1kk < —% [|K|2—|K|2]

(26)
Vil = yafi (0 — i) =—yaii +V277K<—% [I > - Inlz]

27
ik =k () =i ia <2 i - e

(28)
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FIGURE 15. (a) Position tracking of Joint-I; (b) Partial enlargement of (a).
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FIGURE 16. (a) Position tracking of Joint-11; (b) Partial enlargement of (a).
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FIGURE 17. (a) Tracking error of Joint-I. (b) Tracking error of Joint-II.

Eq. (25) can be rewritten as

2 _ 2_Q[~2_ 2]

2] = 2 [ = 1n
~12

—%[M —|A|2] —KS2—77|S|—Sd1

< fP-Z
2 2

3
—sdy+ 4 |K|2+ > I+ S

. YT, -~
Vasmc < -3 [|K|

_2  V3|5)?
il = 23 s

IA

—pV 1 2 2 A2 29
Jo +2 vilel”+y2 Inl” + v3 Al (29)

where y1, 92,3 > 0 and n > |di|, such that we select
0 < p <min{2k, y1, y2, y3}.

If the condition VASMC>— [)/1 k| 4+ v2 In)* + v Iklz]
holds, such that V < 0, then stability of the system is
confirmed.

In Case 2, if |s| < €, then the differentiation of the Lya-
punov function candidate can be expressed as follows:

) AS2 1 2 1 L 1.2
—Kks” —N— —sd] + —kk + —nn+ —AA
€ o1 02 03

Vasmc =
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TABLE 4. Tracking errors associated with the two joints (RMS).

Controllers Joint I error (rad) | Joint II error (rad)
PID 0.0071 0.0014
SMC 0.0007 0.0014
ASMC (proposed) 0.0003 0.0006
" f N it
3 / g 3 !
5 08 / § 09025 /
3 / ] /
oo // g o /
21 2 s Cie T e 5w s 8 s @
(a (b)

FIGURE 18. (a) Position tracking of Joint-1 with disturbance; (b) Partial
enlargement of (a).

Ampltude(rad
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Time(sec) Time(sec)

(a) (b)

FIGURE 19. (a) Position tracking of Joint-11 with disturbance; (b) Partial
enlargement of (a).

2
~ ~ § I .. ~ 2
=k —Kk) 8"+ (il — ) — — sdi + —&k + —iin
€ o1 o2
1 -2
+ —AA
03
(o 1N (s 1\ 1z
=Kk|s+—«k)+n{—+—n)+21{—A
(oa] € (o)) o3
—/csTs—r]|s|—sTd1 (30)

In accordance with Eq. (19), Eq. (20), and Eq. (21), we can
rewrite Eq. (30) as

. Y1, ~ V2. .
Vasmc < —7[|x|2 — |k|*] - Enmz — Il
2
3~ R
B AP = ks? = sy
2 €
1 eld) |?
< —pV + =Inlcl* + yalnl* + yIaP 1+ ——
2 4n
31)
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FIGURE 20. Tracking error of Joint-1 with disturbance; (b) Tracking error of
Joint-11 with disturbance.

TABLE 5. RMS tracking error of Joint-1 and Joint-1l with disturbance.

Controllers Joint I error (rad) | Joint II error (rad)

PID 0.0072 0.0015
SMC 0.0015 0.0013
ASMC (proposed) 0.0005 0.0006

where y1,92,¥3 > 0 and n > |d;|, such that we select

0 < p < min {2k, y1, 12, y3}.
If the condition that VASMcZﬁ[)/l k> + yInl* +

V3 |A|2 ] + % holds, such that V < 0, then the stability of
the system is confirmed.

Based on stability analysis of Case 1 and Case 2, we can opt
for the condition VASM€Z% [y1 lk|? + 2 0> + v3 IAIZ] +

2 .
elng, which ensures that V' < 0 in all cases, thereby con-

firming that the system is stable.

IV. EXPERIMENT

A. SIMULATION SETTINGS

Table 2 lists the parameters of Motor-I and Motor-II based
on motor specifications. The parameters of the robotic arm
in Table 3 were obtained empirically. The parameters of the
three controllers were obtained via trial-and-error as follows:
PID (P = 800,11 = 1,D; = 10,P, = 2000, I, = 1,
Dy = 10); SMC (k1 = 80, n1 = 25, A1 = 7000, k2 = 500,
n2 = 60, L, = 7000); Proposed ASMC controller (1= 0.1,
oy = 01,03 = 05,9 = 0.1, » = 0.1, y3 = 0.5,
€ = 0.002), and initial «, n, and A ( the same as SMC). A sine
wave was set for the following simulation with a maximum
amplitude of 1.57 rad and a period of 6.3 seconds.

B. SIMULATION RESULTS

We first compared the performance of the proposed ASMC
controller with that of SMC and PID controllers. A sine wave
obtained by tracking the two joints can be used to maintain
the angle of the robot arm between 0 and 90 degrees (7 /2 rad)
for the analysis of tracking performance in terms of tracking
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error, as follows:

2

Fig. 15(a) presents the tracking trajectory of Joint-1, where
the solid line indicates the reference trajectory, the dashed line
indicates the proposed controller, the dotted line indicates the
conventional SMC, and the dash dot line indicates the PID
controller. We can see in the enlarged image in Fig.15(b) that
the largest deviation from the reference was generated by the
PID, respectively followed by SMC and ASMC. Fig. 16(a)
presents the tracking trajectories of Joint-II using the three
controllers. We can see in the enlarged image in Fig.16(b)
that the results obtained using ASMC were the closest to the
reference trajectory, due presumably to adaptive adjustment.

As shown in Fig. 17(a), ASMC achieved the lowest track-
ing error for Joint-I. As shown in Fig. 17(b), despite the fact
that the tracking error of Joint-II also included the tracking
error of Joint-I, the tracking error of ASMC was still close
to 0.

We also calculated the Root Mean Square (RMS) tracking
error as follows:

00 = Zsin(t+5) + & (32)
= —sin — —
1= 4

1 n )
Crms = ; Zk:l € (33)

As shown in Table 4, the PID controller generated the
largest tracking error followed by SMC. Note that ASMC and
SMC shared the same initial parameter values; however, the
inclusion of the learning law in ASMC led to a rapid decrease
in tracking error, such that after learning for 10 seconds, the
RMS error of ASMC at Joint-I was half that of SMC and
20 times lower than that of PID. The RMS error of ASMC
at Joint-II was roughly half that of SMC and PID.

As shown in Eq. (34), the robustness of ASMC was
assessed by adding signal disturbance (generated using
MATLAB Simulink) to the torque measurements.

Noise power = 0.1 Nm
d = { Sample time = 0.1 s (34)
Seed = 23341

Fig. 18(a) and Fig. 19(a) respectively present the tracking
trajectories of Joint-I and Joint-II with added signal distur-
bance. The corresponding enlargements in Fig. 18(b) and
Fig. 19(b) revealed that the results obtained under disturbance
conditions were nearly the same as those obtained under ideal
conditions. Fig. 20(a) and Fig. 20(b) respectively present the
errors in tracking Joint-I and Joint-II with added signal distur-
bance. The tracking errors oscillated considerably when the
signal disturbance was first added; however, ASMC rapidly
converged at 0. Eq. (33) was used to quantify the tracking
errors with added disturbance, the results of which are shown
in Table 5.

C. EXPERIMENT SETUP AND SETTING
Fig. 21 presents a photograph of the experiment used to
assess the proposed robotic arm. For Motor-I, we used
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FIGURE 22. Schematic diagram showing the relationships among
components in the experiment.
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FIGURE 23. (a) Position tracking of Joint-I; (b) Partial enlargement of (a).
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a DC-micromotor equipped with a 246:1 reducer and
1024 encoder (FAULHABER Series 3242024CR). For
Motor-II, we used a similar DC-Micromotor equipped with
a 134:1 reducer and 1024 encoder (FAULHABER Series
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FIGURE 25. Comparison between the torque induced of the conventional
and proposed robotic arms.

TABLE 6. RMS tracking errors of the two joints.

Controllers Joint I error (rad) | Joint II error (rad)

PID 0.0075 0.004

SMC 0.0062 0.0035

ASMC (proposed) 0.0058 0.0022

2657024CR). We selected an H-Bridge motor driver and
L298N PWM to control the direction of rotation, as this setup
would handle a maximum voltage of 46V and a continuous
working current of 2A, which is suitable for the two motors.

As shown in Fig. 22, the experiments in this paper involved
uploading the control program written in MATLAB Simulink
to the Arduino platform as follows:

1. The controller transmits signals for forward or reverse
rotation and PWM signals to the H-Bridge motor driver
in accordance with the data it receives.

2. The controller then receives an angle value returned by
the encoder on the robotic arm.

3. The controller calculates the tracking error for the sub-
sequent control operation.

The experiment involved tracking a sine wave with an
initial angle of 0, a maximum amplitude of 1.57 rad, and a
period of 6.3 seconds. Based on trial-and-error, the controller
parameters were adjusted as follows: PID (P = 650, 1; = 8,
Dy = 16,P; = 900, = 4, Dy, = 12); SMC ( k1 = 3,
n = 1500, A1 = 200,k = 200, ny = 6, Ax = 4000);
Proposed ASMC (01= 0.1, 00 = 0.1, 03 = 0.5, y; = 0.01,
y2» = 0.01, y3 = 0.05, ¢ = 0.002). Note that the initial «, 7,
and X of two joints were the same as SMC.

D. EXPERIMENT RESULTS

Fig. 23(a) and Fig. 24(a) present the tracking trajectories
of Joint-I and Joint-II, where the solid line indicates the
reference trajectory, the dashed line indicates the proposed
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controller, the dotted line indicates the traditional SMC, and
the dash dot line indicates the PID controller. As shown in
the enlarged images in Fig. 23(b) and Fig. 24(b), the tracking
trajectories of Joint-I and Joint-1I were close to those obtained
in simulations. Eq. (28) was used to quantify the tracking
errors of the robotic arm, the results of which are shown
in Table 6. ASMC clearly outperformed the other control
methods. Note however that the mechanical components and
power transmission system introduced many uncertainties
that were absent from the simulations, which resulted in more
obvious errors.

In a final experiment, we reconfigured the robotic arm
to emulate a conventional design with Motor-II installed at
Joint-1I, such that the weight of Motor-II (0.16kg) was added
to the total torque generated during the rotation of Joint-I.
The experiment was set to track the same trajectory, which
result is shown in Fig. 25. The maximum torque values of
the proposed and conventional manipulators were 0.694 Nm
and 0.831 Nm. The proposed one was 16% less than that of
the manipulators; thus, the proposed design can effectively
reduce the torque induced during the robotic arm movement.

V. CONCLUSION

This paper presents a two-axis robot arm with a novel
mechanical design with the motor installed on the base of
the devices to reduce the torque induced by arm movements.
However, the proposed design used the belts to transmit the
motor power to the linkages, which may cause the unwanted
slipping phenomenon when the robotic arm catries a heavy
load. In the future, we are considering using the chains instead
of the belts to ease this potential issue. In modeling and
controller, we combined the nominal dynamic models of
the manipulator and motor to fully account for the model
uncertainties and external disturbances that the manipulator
is likely to encounter during operations. We then developed
an advanced controller to resolve these issues and thereby
ensure the precise tracking of the desired trajectory. The
proposed controller uses the sliding mode control method
in conjunction with an adaptive law to calculate the volt-
age requirements and control voltage is delivered through
by a PWM input. In simulations and experiments, the pro-
posed controller outperformed other controllers (PID and
SMC) in terms of errors generated during trajectory track-
ing. The proposed controller demonstrated excellent stability
and robustness without the need for sliding mode artificial
parameter adjustment. We also provide empirical evidence
demonstrating the efficacy of the proposed design in reducing
the torque generated by robot arm movements.
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