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Abstract: Prosthetic humanoid manipulators manufacturing requires light overall weight, small size,
compact structure, and low cost to realize wearing purpose. These requirements constrain hardware
configuration conditions and aggravate the nonlinearity and coupling effects of manipulators. A
dynamic fractional-order nonsingular terminal super-twisting sliding mode (DFONTSM-STA) control
is proposed to realize multi-joints coordination for a low-cost humanoid manipulator. This method
combines a dynamic fractional-order nonsingular terminal sliding mode (DFONTSM) manifold with
the super-twisting reaching law, which can enhance the entire control performance by dynamically
changing the position of the sliding mode manifold. By hiding the sign function in a higher-order
term, chattering can be effectively suppressed. The stability of the low-cost humanoid manipulator
system has been proven based on the Lyapunov stability theory. Experimental results show that the
terminal trajectory tracking accuracy of DFONTSM-STA control was promoted by 53.3% and 23.7%
respectively compared with FONTSM control and FONTSM-STA control. Thus, the DFONTSM-STA
controller is superior in error convergence speed, chattering suppression, and accurate position

tracking performance.

Keywords: chattering suppression; fractional-order nonsingular terminal sliding mode controllers;
higher-order sliding mode controllers; humanoid manipulator

1. Introduction

Humanoid manipulators have the characteristics of light weight, small size, strong
nonlinearity, coupling, friction, and clearance [1-3]. Among them, friction and clearance are
disturbances that significantly influence the control performances of humanoid manipula-
tors. As sliding mode control has the excellent characteristic of efficiently disturbances set-
tlement [4-7], it is widely used for humanoid manipulators’ position-tracking control [8-10].
A low-cost humanoid manipulator further constrains its hardware configuration conditions.
Complex and high-precision sensors or motors cannot be used when designing a humanoid
manipulator because they are generally large in volume. The sensors and motors with
small volumes and high precision are generally quite expensive. Teleoperation systems
are also not included for cost-saving purposes [11]. All the above features aggravate the
nonlinearity, coupling, and complexity of the low-cost humanoid manipulator’s dynamics.
Benefiting from their variable structure characteristics, sliding mode controllers possess
excellent robustness and anti-disturbance ability [12,13]. However, the alternation between
the reaching phase and the sliding phase of a sliding mode controller always accompanies
by a phenomenon called chattering [14]. The production of the chattering is related to
the sliding mode boundary layer thickness [15]. The system states trajectory always has a
certain speed when reaching the manifold, and the inertia makes the system states move
across the manifold. After that, the controller input generates a reverse signal to pull the
system states back to the sliding mode manifold. However, it must take time. This time
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difference makes the system states trajectory deviate from the sliding mode manifold for a
certain distance and intensifies the thickness of the boundary layer. In this way, the system
states trajectory repeatedly passes through the sliding mode manifold, which is reflected in
the macroscopic view as a chattering phenomenon [16,17]. Chattering may cause energy
consumption and mechanical system damage problems. Therefore, the chattering problem
must be first solved when designing sliding mode controllers, especially for a low-cost
humanoid manipulator.

The sign function term in a sliding mode reaching law is not only the key to the
rapid convergence of sliding functions but also one of the main causes of chattering [18].
Replacement of the sign function with the saturation function is one way to suppress
chattering [19]. Hiding the sign function term in a higher-order term is another effective
way to eliminate chattering [20-24]. As the system states enter the quasi-sliding mode,
the super-twisting sliding mode (STSM) gains the characteristics of the sign function term
and ensures that the sliding function and its derivative converge to zero within a limited
time [25-27]. The STSM control which belongs to the second-order sliding mode control
only requires information on the sliding function [28]. It contains a power rate term that
can reduce the time of the system states arriving in quasi-sliding mode and suppress
the chattering more effectively compared with the proportional term [29]. Moreno and
Osorio used the Lyapunov stability theory to analyze the stability of the super-twisting
algorithm (STA) [30]. The proof process has been used in many STSM controllers. Kali et al.
proposed an STSM control for manipulators with uncertainties. [31]. Tayebi-Haghighi et al.
designed a high-order STSM controller to address multiple control challenges of robots
with verification. [20].

Apart from introducing super-twisting algorithms, adding a fractional-order operator
to the sliding mode controller is also an effective way to suppress chattering and improve
motion control performance [32]. Applying a fractional-order (FO) operator to a sliding
mode controller can enhance the flexibility of the controller, and improve its control perfor-
mances [32-36]. Among all the fractional-order controllers, fractional-order nonsingular
terminal sliding mode (FONTSM) controllers are widely used in manipulators to obtain
precise position-tracking performance [37-43]. Tran et al. designed an adaptive fuzzy
FONTSM control strategy for a two-degree-of-freedom manipulator and used simulation
results to illustrate its control performances [40]. Nojavanzadeh et al. proposed an adap-
tive FONTSM controller to control robots with uncertainty and external interference and
used simulation to verify its effectiveness [41]. Su et al. proposed an adaptive FONTSM
controller for a cable-driven manipulator with external interferences, which was verified
by simulations [42]. Wang et al. formulated an adaptive sliding mode controller that inte-
grates the advantages of PID and FOTNSM manifold [43]. However, most of the FONTSM
controllers were verified by simulations. Only a few papers showed the experimental
verification of the FONTSM control for manipulators [44-46]. In the previous work of the
authors, a dynamic FONTSM controller was proposed for a class of second-order nonlinear
systems with simulation verification [47].

To summarize, super-twisting sliding mode control can effectively accelerate the speed
of system states reaching the quasi-sliding mode and suppress the chattering. FONTSM
control has superiority in motion control accuracy. The fractional-order nonsingular super-
twisting sliding mode (FONTSM-STA) control combines the advantages of the FONTSM
manifold and the STA, which not only meets the demand for high tracking accuracy but also
suppresses the chattering [45]. However, simply combining these two methods has little
effect on the joint error converge speed which is a vital factor for humanoid manipulators
to mimic arm movements.

Aiming at the above-mentioned problems, a dynamic fractional-order nonsingular
terminal super-twisting sliding mode (DFONTSM-STA) control scheme is proposed for a
low-cost humanoid manipulator in this study. The main contributions of this paper are
summarized as follows:
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(1) A DFONTSM-STA controller is formulated for the control of the low-cost humanoid
manipulator by combining the dynamic fractional-order nonsingular terminal sliding
mode (DFONTSM) manifold with the super-twisting reaching law, which can effec-
tively improve the control accuracy, quickly force the tracking error of each joint to
converge and significantly suppress the chattering. The stability and convergence of
the low-cost humanoid manipulator control system are proven based on the Lyapunov
stability theory.

(2) Experiments illustrate the superiority and feasibility of the proposed DFONTSM-
STA control for the low-cost humanoid manipulator. Compared with FONTSM and
FONTSM-STA control, the DFONTSM-STA controller has superior control perfor-
mance. Its terminal position tracking accuracy is increased by 53.3% and 23.7%
respectively. Its chattering of joints one to four is decreased by 54.1%, 51.1%, 46.2%,
and 55.1% compared with FONTSM control. Its error convergence speed is accelerated
significantly. Joints one and two are converged at the beginning, and joints three and
four are accelerated by 43.5% and 33.6%, 72.7%, and 54.6% respectively compared
with the FONTSM and FONTSM-STA control.

2. Model Description and Problem Analysis

The low-cost humanoid manipulator is limited by cost, size, and weight, which uses
hall sensors that generate three pulses in one turn to read the angle position information.
The position is detected by sensors whose resolution converted to the joint is 0.3°. Figure 1
shows the three dimensional (3D) model of the low-cost humanoid manipulator and the
Denavit-Hartenberg (D-H) coordinate of each joint. Table 1 shows its D-H parameters. Co-
ordinate x(y0zo represents the base coordinate; x;1/1z1 and xy22z, represent the coordinate
of shoulder joints one and two; x31/3z3 and x4)/4z4 represent the coordinate of elbow joints
three and four; x;y:z; represents the terminal coordinate. The dynamic equation of the
four degrees-of-freedoms (DOFs) low-cost humanoid manipulator with friction model is
described as follows:

M(q)§+C(9.9) +G(q) + f(9.9) = 1)
£(.9) = fesign(q) + foq ©)

where g, 4, and § € R?* respectively represent the position, velocity, and acceleration vec-
tors of every joint; M(q) € R*** is the non-singular inertia matrix; C(g,4) € R**
is the centrifugal and Coriolis matrix; G(q) € R* represents the gravitational vector;
£(q,9) € R*is the vector of the viscous friction torque at joints; T € R* denotes the torque
input vectors; fo = diag(fo1, fo, fo,  fea) denotes every joint coulomb friction torque;
fo = diag ( fo1, fo2,  fuss fz,4) denotes every joint viscous friction coefficient.

Table 1. The parameter list of D-H.

Link i Ki_1 a;_1 61' d,'
1 0 0 61 (0°) 0
2 90° 0 6, (—90°) 0
3 90° 0 03 (—90°) d; = —313 mm
4 90° 0 04 (—180°) 0
Terminal 0° 0 05 (0°) ds = —441 mm

The low-cost humanoid manipulator contains four joints to mimic shoulder and elbow
movements. To suppress chattering and improve both the error convergence speed and the
tracking accuracy, it is necessary to design a new sliding mode control method. As the STSM
control hides the sign function in higher order, it possesses a better effect on chattering
suppression. Apart from the chattering suppression requirement, the low-cost humanoid
manipulator also needs precise trajectory tracking accuracy for mimicking human arm
movements. The DFONTSM manifold can enhance the entire control performance by
dynamically changing the position of the sliding mode manifold [47]. The steady-state
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accuracy can be improved because the fractional-order operator has the characteristics of
heredity and memory, which can describe detailed information and increase the flexibility
of the control law. Therefore, to solve the trajectory tracking performances of the low-
cost humanoid manipulator, this paper proposes a DFONTSM-STA control method that
combines a DFONTSM manifold with a super-twisting reaching law.

Figure 1. Three dimensional (3D) model and Denavit-Hartenberg (D-H) coordinate of the low-cost

humanoid manipulator.

3. DFONTSM-STA Control for the Low-Cost Humanoid Manipulator

This section will briefly present some definitions and lemmas that are needed in the
stability proof of the proposed DFONTSM-STA controller.

Definition 1. The general representation of the FO derivative-integral operator is expressed by
Equation (3), [48]

A>0
A=0 ®)
A= [dh ™t A <0

ar
att
A

tODt - 1

where A is the FO and t is the initial time. The operator ;| D} is the symbol for the FO, integral
and constant operator.

Definition 2. The A th-order Riemann—Liouville (RL) fractional and integral are presented as
Equations (4) and (5) [48].

A 1 f(D)
D) =~ = T(m—A) = dem '/ Wﬂh @
N0 / L3 ®

wherem — 1 < A <m, meN.

Property 1. [48] if a € C, B € C, Re(a) > 0, Ne(B) > 0 and fla,b) € Lp(a,b) (1 <p < o), then
I f(x) = BEPF(x), I I £ (x) = T PF(x); DEIE f(x) = f(x), DE I f(x) = f(3).
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Lemma 1. [44]. Supposing parameters a1, az,- - - ,a,; 0 < p < 2 are positive, then the following
inequality about aq,ay,- - - ,a, and p can be obtained:

(+ad++a2) < (af+a§+m+a§>2

Lemma 2. [38,44]. For a Lyapunov function V(x), assuming that Vy is its initial value and a € C,
B € C, then

V(x)+aV(x)+BV7(x) <0,a,>00<y<1 (6)

The corresponding settling time can be calculated as

T<a™'(1-7)"In(1+ap'vy ") @)

The FONTSM manifold parameter transforms into the function k* that calculates the
error by exponential function is designed as Equation (9). Then the DFONTSM manifold (8)
is formulated for the system described in the model (1) [47].

s = e+ k*DM [sig(e)?] 8)

k* kO

= 9
6o +po-do- exp“"x|€| ©)

where 0 < A; < 1, i = 1~4, D" is the FO operator; &y = diag(dy;) is the diagonal matrix
and éy; € (0,1); po = diag(pp;) and a, = diag(a,;) are tuning matrices and py;, a,; €(0, + 0);
e=[gsn—q1, -+ qas—qa] € Rs denotes the tracking error vector between the target
joint rotation angle and the actual joint rotation angle. kg = diag(ko;) is a positive diagonal
matrix. i can be chosen from one to four.

sige)® = [Jer|“sgn(er), -+, |ea™sgn(es)]”

where « is the exponential parameter, which satisfies the relation: 1 > a > 0. A super-
twisting reaching law from [31] is adopted.

S 1/2
§= _p1|s| sgn(s) + w (10)
& = —pasgn(s)
where kq = diag(ky;), ko = diag(ky;) are constant matricesand 0 <b =01 =---=by <1,i=1~4;

With the above reaching law (10), the error vector (e, ¢) can be forced to zero. Derivating
the DFONTSM manifold (8), we have:

§=¢+k*-DVsig(e)"] + k- DM 1sig(e)Y] (11)
where:
- } -2
k = —po-dp-ko-ax-e- ((50 +p0-0- exp_‘""“e‘) ~exp_‘"‘"e‘ -sign(e) (12)
Combining (11) with (10), the control law (14) can be obtained by Equation (13).

é k" DVsig(e)] +k - DM sig(e)] = —puls|/2sgn(s) + w (13)

7 = M(q) (il + K- D*[sig(e)*] + k- D" [sig(e)*] +puls|!/sgn(s) + ps /0 t sgn(SW) +C(q,9) +Glg)  (19)



Electronics 2022, 11, 3693

6 of 22

(= Mq) "+ (M

4. Stability Proof of DFONTSM-STA Control

The states g can be obtained from the dynamic model (1):

§=M(q)" (%~ C(q,9) = G(q) — f(4.49)) (15)

where [f(4,9)| < ||fmax(x,t)|| < F. The constant diagonal matrix of F represents the
friction interference upper boundary. Substituting (14) and (15) into (13), yields:

(9) (ijd + k* - DMsig(e)*] + k- DM 1sig(e)*] +p1|s|M/2sgn(s) + fot pgsgn(s)dt) +C(9,9) + G(9)
—C(9,9) — G(q) — f(9.9)) +Kk* - DM [sig(e)*] + k - D "1[sig(e)*] =5

By simplifying the above equation, error dynamics (16) can be determined:

t
M(@)™" £(g,) = palsl sgn(s) = [ pasgn(s)at = & (16)

Rewrite error dynamics (16) as the form as follows:

§ = —p1s|V?sgn(s) +w

w = —p3sgn(s) + ¢ 17

where ¢ is formulated from (16) and (17) ase = M(q) "' o f(g,q) < M(q)~! o F, satisfying
the inequality equation |£| < &g, where 6. > 0. For each joint, the error dynamics can be
written as:
5 = —puilsil'sgn(si) + w; (18)
w; = —p3isgn(si) + &

where ¢; = M(g;) ™! - f(gi,9;), and §; satisfying |¢;| < &, where é; > 0. The following
Lyapunov function is chosen:

_ 1,1 1/2 )2
V—2p3\5|—0—§w +§(p1|s| sgn(s) w) (19)

Then the Lyapunov function V; of each joint of the low-cost humanoid manipulator
can be determined as:

1 1 2
Vi = 205sil + 507 + 5 (oulsil Zsgn(s;) — i) (20)

where i represents joint i, and V; satisfies V; > 0.

1/2

T N T
Supposing y; = [|5i| sgn(s;) wl} and P; = 293_1;; ) 12 ], then (20) can be

rewritten as:
Vi = n{ Py (21)

V; satisfies the following inequality equation:
Amin{PiHI7:11* < Vi < Amax{ Pi} 1] (22)

where Apyin{P;} denotes minimum eigenvalues of P; and Amax{P;} denotes the maximum
eigenvalue. ||#;|| is the Euclidean norm. By rearranging Equation (22), we obtain:

N|—
NI—=

V.

Ve Y 23
T < mill < (23)

1
)\rznax{Pi} )ernin{Pi}



Electronics 2022, 11, 3693 7 of 22

Derivating the Lyapunov function, V; can be expressed as:
: : - 1/2 i -1/2; -
Vi =2p3isisgn(s;) + wiw; + (Pli|5i| "sgn(s;) — wi) (%|5i| /2 — wi)

Substituting error dynamics (18) into the above equation, yields:

Vi = —2pupailsil"’* + 20siwisgn(si) — paiwisgn(si) + wiéi + (Pli|5i|1/2sg”(5i) - wi)
(8152 (—puilsif Psgn(ss) + ;) — (—pasgn(s;) +&) )
: 1/2 i . 1/2
Vi :‘S]_|11/2 (—%P?i\sJ + 03, Isil ' 2sgn(si) — Hw? —PliP3i|Si|) +Si(_Pli|Si| "2sgn(s;) —I—Zwi)

Simplify the above equation into matrix multiple forms:

1.3 Pl 1/2
7o 1 [ 172 , . 501 +P1Ps —— |si|*" “sgn(s;)
Vi= \Si\l/z[ |si| " “sgn(si) wi } o o1 ‘| [ w;
%/2 2 (24)
il 2 ]|
Wi

103 4 pioe  _PL
Supposing: A; = 2P1 t 511P3z 2 ], B; = {O], C = B], then Equation (24) can

_ P L1
2 2

be rewritten as:

2e

3 Isil' 2B Py (25)

. 1
Vi=——50] A+
Jsi M/ |si

If [|€]] < ||8]], |é| < 6, then 2¢;|s;|*/2B] Py; satisfies:

. 2
2¢i[s;|'/B] Py < ¢lsi| +n] PiB;B/ P; (26)
< %! GiClni +n] PiBBT P,
By substituting inequality (26) into rearranged Vi (25), we obtain the following
inequality (27):

70 Qilli (27)

: I 2 ~ AT TpT 1
Vi< *W’?i (Ai — 05CiCj — PiB;iB; P; )’71‘ = i
1

|s;

where: 2 2

153 :0ni 2 P1i 01 o1

207 + Pripsi — 8L By fu
—F 4+ -1

Qi= (28)

If p1; and p3; satisfy the following conditions:

Pl > 22
) p1;1+49% (01i—2)
Pai 4(13%1'721911’)

then the error dynamics for each joint (18) meet the demands of the Lyapunov stability
and the matrix Q; is symmetrical and positive. Obviously |s;|'/? < ||3]|, substituting
Equation (23) into Equation (27), Vi satisfies:

Mmin{Qi}
o riun i Vl 2

max Pi

Vi<

1

where term Apin{ Q;} denotes the minimum eigenvalues of the matrix Q, Amax{Q;} denotes
the maximum eigenvalues. Thus, the converge time T,; for each joint of the low-cost
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humanoid manipulator satisfies the following inequality which can be obtained through
Lemmas 1 and 2:
Tci < ZAl!l{azx{Pi})\r:ﬁln{Qi}vil/z(o)

Therefore, the control law (14) can ensure the error dynamics of the low-cost humanoid
manipulator to be stable.

5. Simulation and Discussion

To reveal the superior performances of the proposed DFONTSM-STA control, we
perform simulation verification on the low-cost humanoid manipulator. The coulomb
and viscous friction parameters are selected as f.; = fo = fu = 1.25N, fi3 = 0.125N,
fo1 = foo = foa = 1, fu3 = 0.1 [44]. The model information of the low-cost humanoid
manipulator is listed in Tables 2—4.

Table 2. The center mass position of the connecting rod.

Center Mass Position (m) Joint One Joint Two Joint Three Joint Four
X 0 —0.04 x 1073 0 —0.94 x 1073
Y 0 125.16 x 1073 —7 %1073 166.42 x 1073
Z 11.57 x 1073 7.71 x 1073 —0.26 x 1073 6.97 x 1073
Table 3. Mass of connecting rod of the humanoid manipulator.
Mass (kg) Rod One Rod Two Rod Three Rod Four
M 728.22 x 1073 7016.49 x 103 382.18 x 1073 3341.64 x 1073

Table 4. Connecting rod inertia of humanoid manipulator.

Moment of Inertia

(kg - m?) Rod One Rod Two Rod Three Rod Four
Ixx 1,709,909.71 x 10~° 26,245,6649.98 x 10~ 625,787.92 x 10~° 158,795,139.03 x 10~?
Iyy 875,916.10 x 10~° 20,863,623.56 x 1077 544,829.79 x 10~° 2,996,242.06 x 10~°
Izz 1,375,449.61 x 10~° 249,837,989.90 x 10~ 270,182.90 x 10~? 157,591,605.74 x 102
Ixy 24.45 x 10~° —46,664.65 x 10~°? 13.85 x 10~ —1,391,395.68 x 10~
Iyz —47.57 x 1077 17,384,004.90 x 10~° 279.02 x 10~° 707,363.35 x 1077
Ixz 16.53 x 10~° 185,311.42 x 102 —2.14 x 10~° 107,519.45 x 1072

5.1. Comparison of Simulation Results

To better compare and analyze the performances of the FONTSM control (29) [44],
FONTSM-STA control (30) [45], and DFONTSM-STA control (14), we select control parame-
ters listed in Tables 5 and 6. The simulation performances are described in Figures 2—6.

7 = M(q) (i, + k- D[sig(e)*] +kosig(s)" + k1s) +C(q,q) + G(g) (29)

= M(q) (i + k- DYsig(e)" +palsl 2sgn() +pa || sgn(s)t) +Cla,d) +Ga) GO
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Table 5. Parameters list of dynamic fractional-order nonsingular terminal super-twisting sliding
mode (DFONTSM-STA) control.

P1 02 L o ko « A Po
Joint one 40 4 1 0.1 2 0.8 0.9 2
Joint two 40 4 1 0.1 2 0.8 0.9 2
Joint three 70 4 1 0.1 2 0.8 0.9 0.8
Joint four 70 4 1 0.1 2 0.8 0.9 0.8
Table 6. Parameters list of fractional-order nonsingular terminal super-twisting sliding mode
(FONTSM-STA) control and fractional-order nonsingular terminal sliding mode (FONTSM) control.
k1 P1 ky P2 ko o A
Joint one 60 40 6 4 1 0.8 0.9
Joint two 60 40 6 4 1 0.8 0.9
Joint three 80 70 6 4 4 0.8 0.9
Joint four 80 70 6 4 4 0.8 0.9
15 30 f
L . 30 g , 40
P =~ c ~
S 5 - S 30
=10 | E20 G20 =
8 8 g 8
sI:. ?. ‘ 220
o5 10 210 il
£ £ ‘S E 10
2 S = S
0 0
0 5 10 ° .

time/s

(@)

time/s

(b)

timels

()

timels

(d)

=Tracking Trajectory = FONTSM —-FONTSM-STA ---:DFONTSM-STA

Figure 2. Position tracking trajectory of each joint. (a): joint one; (b): joint two; (c): joint three;
(d): joint four.

0. ; ’__-;T’T"“ EEE 0 ’,’ ~ 3 [ 1 /—‘\
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(b)

(c)

(d)

— FONTSM —-FONTSM-STA ***- DFONTSM-STA

Figure 3. The position tracking error of each joint. (a): joint one; (b): joint two; (c): joint three;
(d): joint four.
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Figure 4. Control input torque of each joint (a): joint one; (b): joint two; (c): joint three; (d): joint four.
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Figure 5. Terminal motion trajectory and its tracking error (a): Terminal trajectory tracking curve
under base coordinate; (b): Terminal trajectory tracking error; (c): axis X position; (d): axis X error.
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Figure 6. Terminal motion trajectory and its tracking error on Y axis and Z axis of the base coordina-
tion. (a): axis Y position; (b): axis Y error; (c): axis Z position; (d): axis Z error.

5.2. Simulation Analysis

The convergence time is calculated when the tracking error accuracy is within 0.5°
(shoulder joints) or 1° (elbow joints), which is shown in Table 7. Table 8 shows the maximum
amplitude of control torque variations in a small time interval of each joint. The variations
of torque in a small interval reflect the degree of chattering suppression, we defined
an indicator shown as equation (31) to facilitate analysis and to directly evaluate the
controller’s chattering suppression performance.

| T]max = |T(t) = T(t — tp)]| (31)
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where ¢, is the time interval between the two calculated torques and t, = 20 ms is defined
in this simulation.

Table 7. Convergence time for each joint.

lel <0.5° DFONTSM-STA FONTSM-STA FONTSM
lel < 1° (teonv)s (tcono)s (teonv)s
Joint one 0.101 0.409 0.443
Joint two 0.090 0.464 0.464
Joint three 0.036 0.515 1.309
Joint four 0.021 0.067 0.098

Table 8. The maximum amplitude of the low-cost humanoid manipulator control torque variations.

1T | max DONTSM-STA FONTSM-STA FONTSM
ty = 20 ms
Joint one 4.2875 3.7355 12.7760
Joint two 3.5760 4.3541 7.4774
Joint three 0.7294 0.6397 0.9683
Joint four 2.0093 2.1479 4.2029

As shown in Table 7, the tracking error convergence speed of the DFONTSM-STA
control is faster than that of FONTSM and FONTSM-STA control. Compared with FONTSM
control, the error convergence time by DFONTSM-STA control from joints one to four is
reduced by 77.2%, 80.6%, 97.2%, and 78.6% respectively. Compared with the FONTSM-STA
control, the convergence time is reduced by 75.3%, 80.6%, 93.0%, and 68.7% respectively.
It can be concluded that under the control of DFONTSM-STA, each joint of the low-cost
humanoid manipulator takes the least time to converge.

The DFONTSM-STA control and the FONTSM-STA control also have better chattering
suppression effects compared with the FONTSM control. When #, = 20 ms, the maximum
chattering variations of joints one to four under FONTSM-STA control are reduced by 70.8%,
41.8%, 33.9%, and 48.9% compared with the FONTSM control. While under DFONTSM-
STA control, the maximum chattering variations for joints one to four are reduced by 66.4%,
52.1%, 24.7%, and 52.2% compared with the FONTSM control. From Figure 4, it can be seen
that the control inputs under the FONTSM control have the most severe high-frequency
chattering among the three control methods. If the unmodeled dynamics of the low-cost
humanoid manipulator are excited by high-frequency chattering, the moving trajectory
may diverge, which will destroy the machine structure and cause security compromises.

Compared with the FONTSM-STA and FONTSM methods, DFONTSM-STA adds
dynamic characteristics to the sliding manifold, which can make the sliding manifold
change dynamically according to the actual error. Therefore, among these three methods,
the DFONTSM-STA controller has the strongest ability to maintain the error at zero, and
the best joint error convergence performance.

From Table 9, the data of terminal position root mean square error indicates that
compared with the FONTSM control, the terminal root mean square tracking error (Syste)
under DFONTSM-STA control are decreased by 90.9%, 57.4%, and 57.1% in the x-direction,
y-direction, and z-direction of the low-cost humanoid manipulator. Furthermore, under
DFONTSM-STA control, the Syyste in X, Y, and Z directions are further reduced by 78.2%,
43.7%, and 51.3% with the comparison of the FONTSM-STA control. The S, of the
distance between the terminal and the target under DFONTSM-STA control is limited
within 3 mm and decreased by 46.7% and 58.0% with the comparison of FONTSM-STA and
FONTSM control respectively. Thus, adding dynamic characteristics can not only improve
the joint error convergence but also greatly improve the terminal error convergence.



Electronics 2022, 11, 3693

12 of 22

Table 9. Terminal position root mean square error.

Srmste (mm)

DFONTSM-STA FONTSM-STA FONTSM

Axis x
Axisy
Axis z
Distance between terminal and target 2.8220 5.2921 6.7206

0.1126 0.5165 1.2403
2.3329 4.1434 5.4771
1.5838 3.2514 3.6918

Encoder

Pc computer

To sum up, the DFONTSM-STA control has the biggest possibility to realize the
terminal trajectory tracking with smooth and accurate movements.

6. Experimental Verification
6.1. Experiment Setting

Figure 7 displays the experimental platform. The core components of the low-cost
humanoid manipulator system are as follows: the PC; the hardware controller; EPOS4
drivers; Maxon DC motors. The PC calculates each joint’s control input. The hardware
controller has data transmission functions. It uses EtherCAT as the communication channel
to exchange position and torque data with the PC; EPOS4 drivers support the CANopen
protocol. Its communication speed can reach to 1 Mbps. The hall sensor whose resolution
converted to joints is 0.3° for obtaining angular position information was inserted in
the Maxon DC motor. By debugging the above hardware, a real-time system has been
constructed to control the low-cost humanoid manipulator. The parameters of the three
controllers in experiments are listed in Tables 10 and 11.

l Humanoid manipulator hardware architect

mainboard

PR OERRORNRON

Arm

I
|
I
I
> CAN+ Embeded control :
|
|
I
|

CAN Bus

EPOS EPOS EPOS EPOS
Driver 1 Driver 2 || Driver 3 Driver 4
Fr= T =T =1 T T T T T T
1 Z |
: Motor Motor Motor Motor > |
| 1 2 3 4 3 :
! [
e e c— c— c— c— —— — — — — — — — — — 1
Figure 7. The architecture of the humanoid manipulator system.
Table 10. Parameters of DFONTSM-STA control.
P1 02 ay o ko « A Po
Joint one 6 6 1 0.05 1 0.8 0.9 1
Joint two 6 6 1 0.05 1 0.8 0.9 1
Joint three 3 3 1 0.05 1 0.8 0.9 2
Joint four 3 3 1 0.05 1 0.8 0.9 2
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Table 11. Parameters of FONTSM-STA and FONTSM control.

k1 p1 k2 P2 ko « A
Joint one 9.5 6 6 6 15 0.8 0.9
Joint two 9.5 6 6 6 15 0.8 0.9
Joint three 6.5 3 3 3 15 0.8 0.9
Joint four 6.5 3 3 3 15 0.8 0.9

The experiments adapt the trajectories in the simulation as the target of the low-cost
humanoid manipulator. The control performances of DFONTSM-STA control, FONTSM-
STA control, and FONTSM control are compared. The simulation movements and physical
schematic of the low-cost humanoid manipulator are shown in Figure 8.

trajectroy

“shoulder .
% Terminal actual

0- trajectroy
£ elbow
£
< 500 ;
Terhinal - §80
1000 4—row A2
> 200 0 200 400 o0 2%79
T y/mm mm
Hanging naturally Lifting up 1 Lifting up 2
(a) (b)

Figure 8. Simulation and physical schematic of humanoid manipulator movement. (a): Physical
schematic (b): The simulation movement.

6.2. Experiment Results

Figures 9-18 present the experimental performances of the low-cost humanoid manipulator.

15 : : ‘ . 30
. . 25+
S s
2 107 S 20
= =
8 3
Q o 15}
| |
-« o~
£E° £ 10
=] =]
— —
5
0 0 ;
0 1 2 3 4 5
time/s time/s
(a) (b)
— Target—trajectory — - FONTSM -- FONTSM-STA - DFONTSM-STA

Figure 9. Position tracking trajectories of the shoulder joints. (a): joint one; (b): joint two.
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Figure 10. Position tracking errors of the shoulder joints. (a): joint one; (b): joint two.
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Figure 11. Position tracking trajectories of the elbow joints. (a): joint three; (b): joint four.
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Figure 12. The position tracking error of the elbow joints. (a): joint three; (b): joint four.
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Figure 14. Input torques of elbow joints. (a): joint three; (b): joint four.
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Figure 15. Terminal trajectory and its tracking error. (a): terminal trajectory on the X axis; (b): terminal
tracking error on the X axis.
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Figure 16. Terminal trajectory and its tracking error. (a): terminal trajectory on the Y axis; (b): terminal
tracking error on the Y axis.
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Figure 17. Terminal trajectory and its tracking error. (a): terminal trajectory on the Z axis; (b): terminal
tracking error on the Z axis.
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Figure 18. Terminal motion under base coordination system. (a): Terminal trajectory tracking curve;
(b): initial part of the terminal trajectory tracking curve.

6.3. Experiment Analysis

The convergence time is calculated when the absolute value of the tracking error is
within the 1° (elbow joints) or 0.5° (shoulder joints), which is shown in Table 12.

Table 12. Convergence time for each joint.

lel < 05°or lel <1° DFONTSM-STA FONTSM-STA FONTSM
= - (teonv)s (tconv)s (tconv)s
Joint one 0 0.474 0.548
Joint two 0 0.075 0.229
Joint three 6.188 6.395 7.101
Joint four 5.562 5.934 7.057

Figures 10 and 12 are the angular tracking error of the three methods, which show
the robustness of the FOSM control. Through experimental data, DFONTSM-STA control
is superior in accurate and smooth position tracking performance. Compared with the
FONTSM control and FONTSM-STA control, the error convergence time of joint one
under DFONTSM-STA control is reduced by 0.548 s and 0.474 s respectively, and the error
convergence time of joint two is reduced by 0.229 s and 0.075 s respectively. The error
convergence speed of joint three under DFONTSM-STA control is speeded up by 43.5% and
33.6% respectively, and the error convergence speed of joint four is speeded up by 72.7%
and 54.6% respectively. The DFONTSM-STA control can significantly improve the error
convergence by dynamically changing the spatial position of the sliding mode manifold.

Figures 13 and 14 show the control torques required to drive the low-cost humanoid
manipulator. Table 13 shows the maximum variation of the control torque chattering, which
can reveal the chattering suppression effects of the three controllers in real-time position
control. From Table 13, it can be concluded that the chattering of joints one to four under
the FONTSM-STA control is suppressed by 47.8%, 9.6%, 52.2%, and 34.5% respectively
compared with the FONTSM control, and the chattering of joints one to four under the
DFONTSM-STA control is suppressed by 54.1%, 51.1%, 46.2%, and 55.1% respectively, with
the comparison of the FONTSM control. Thus, the chattering suppression performance of
DFONTSM-STA control is ahead of the other two control methods.
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Table 13. The maximum variation of control torque in a small interval.

I T1 max (£p =20 ms) DFONTSM-STA FONTSM-STA FONTSM
Joint one 0.0095 0.0108 0.0207
Joint two 0.0112 0.0207 0.0229

Joint three 0.0204 0.0181 0.0379
Joint four 0.0151 0.022 0.0336

Figures 15-18 show the terminal motion performances of the low-cost humanoid
manipulator. According to Figure 18, the DFONTSM-STA control can make the terminal
faster and more accurate to tracking the target trajectory. The terminal tracking process
of DFONTSM-STA control is smoother than FONTSM-STA control and FONTSM control,
which can be illustrated by the terminal tracking trajectory that is decomposed to the X, Y,
and Z direction of the base coordination. Compared with the FONTSM control, the motion
accuracy of joints one to four of the DFONTSM-STA control embodied by the root mean
square of joint tracking error is improved by 55.4% 51.1% 38.5%, and 32.8% respectively.
Compared with the FONTSM-STA control, the motion accuracy of joints one to four is
improved by 32.1%, 35.4%, 2.9%, and 42.6% respectively.

Table 14 shows the terminal root mean square error of the low-cost humanoid manipu-
lator (Syuste)- The Symste of FOTNSM-STA control and FONTSM control between the terminal
and the target trajectory surpasses 5 mm, which indicates the tracking performances of the
anthropomorphic trajectory are not quite well. Compared with FONTSM-STA control, the
Smste on the X, Y, and Z coordinate axes of the base coordination under DFONTSM-TSM
control is reduced by 35.5%, 45.4%, and 20.9%, respectively. Compared with FONTSM-
STA control, the S5t on the X, Y, and Z coordinate axes of the base coordination under
DFONTSM-TSM control is reduced by 69.4%, 36.8%, and 61.2%, respectively. The Syste 0f
DFOTNSM-TSM control between the terminal and the target trajectory is limited to 3 mm
and reduced by 23.7% and 53.3% compared with FONTSM-STA and FONTSM control.

Table 14. Terminal root mean square error of the humanoid manipulator.

Srmste (mm) DFONTSM-STA FONTSM-STA FONTSM
Axis x 0.983 1.524 3.212
Axis y 2.584 4.730 4.090
Axis z 1.984 2.509 5111
Distance between the terminal and the target 3.403 5.567 7.292

To sum up, the experiments confirm that The DFONTSM-STA control, compared
with FONTSM-STA control and FONTSM control, can further improve the accuracy and
smoothness of the terminal tracking performances and basically realize anthropomorphic
motion of the low-cost humanoid manipulator.

7. Conclusions

A DFONTSM-STA control was proposed for a low-cost humanoid manipulator by
combining the dynamic fractional-order nonsingular terminal sliding mode manifold with
the super-twisting reaching law. Experiments were conducted to control the low-cost hu-
manoid manipulator and showed that the proposed control method can effectively improve
error convergence speed, tracking accuracy, and chattering suppression ability. In error
convergence speed, the errors of joints one and two were converged at the beginning while
joint three was speeded up by 43.5% and 33.6%, and joint four was speeded up by 72.7% and
54.6% compared with FONTSM and FONTSM-STA controllers. In chattering suppressing,
suppression performances of joints, one to four were enhanced by 54.1%, 51.1%, 46.2%, and
55.1%, respectively, compared with FONTSM control. In trajectory tracking performance,
compared with FONTSM control and FONTSM-STA control, the tracking accuracy of
DFONTSM-STA control was promoted by 53.3% and 23.7% respectively. Simulation and
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experimental results illustrate the superiority of the proposed DFONTSM-STA control for
the low-cost humanoid manipulator.

The proposed DFONTSM-STA controller is applicable to humanoid manipulators that
require fast error convergence and accurate trajectory tracking movements. The dynamic
model of the low-cost humanoid manipulator is complex, and there exists the problem of
big calculations in solving control inputs. Therefore, the adaptive fuzzy method will be
studied to estimate model uncertainties and disturbances in future research work.
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Abbreviations

The following abbreviations are used in this manuscript:

Acronyms Definition

D-H Denavit-Hartenberg

PC Personal computer

3D Three dimensional

RL Riemann-Liouville

EtherCAT Ethernet control automation technology

CANopen Controller area network open

FO Fractional-order

FOSM Fractional-order sliding mode

FONTSM Fractional-order nonsingular terminal sliding mode
DFONTSM Dynamic fractional-order nonsingular terminal sliding mode
STA Super-twisting algorithm

STSM Super-twisting sliding mode

FONTSM-STA Fractional- order nonsingular terminal super-twisting sliding mode
DFONTSM-STA  Dynamic fractional- order nonsingular terminal super-twisting sliding mode
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