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ABSTRACT In this study, nonlinear robust control of robot manipulator systems with completely
unknown manipulator dynamics using a system identification and integral sliding mode disturbance observer
(SI-ISMDOB)-based sliding mode control (SMC) method is proposed. Because the unknown robot manip-
ulator system—owing to the actuator dynamics, unknown manipulator parameters, frictional forces, and
unknown load torques—cannot be controlled using the existing model-based methods, they need to be
identified; subsequently, the identified manipulator system should be controlled in a robust manner. To this
end, the manipulator-actuator dynamics at the motor shaft are first proposed by considering the unknown
robot manipulator dynamics as torque disturbances and are subsequently identified using the system
identification. An SI-ISMDOB-based SMC method is then developed using the identified manipulator-
actuator dynamics and torque-disturbance estimates from the ISMDOB. The simulation and experimental
results on an actual planar manipulator system are presented to verify the improved performance of the
proposed method over the SMC method and SMDOB-based SMC method via a performance indicator.

INDEX TERMS Integral sliding mode disturbance observer-based sliding mode control, manipulator-
actuator dynamics, nonlinear robust control, system identification, unknown robot manipulator system.

LIST OF SYMBOLS AND ABBREVIATIONS B viscous friction coefficient of the actuator
v armature voltage input K torque constant
vq  disturbance compensation voltage input K. fzounter electromouve force constant
L, R inductance, resistance

ve  SMC voltage input

i armature current n,n gear ratio, efficiency of the gearbox
T, torque developed by the motor IS res.lstance .
74  load torque at the motor shaft 93 es?mate of 6 (:=. %)
T control torque on the joint of the manipulator £ estimate of the disturbance 2
6,, motor shaft position € egtimation error defined as 6; — 6;
6  actual joint position measured by the encoder $ sliding surface
6,  reference joint position Sol integral sliding surface
J,n  moment of inertia of the motor shaft SI SYSt,em identification
J moment of inertia of the actuator SMC Shdlr.lg mOfie. control
B,, viscous friction coefficient of the motor shaft TSMC Fermmal s?u?mg mode control
ISMC integral sliding mode control
DOB disturbance observer
The associate editor coordinating the review of this manuscript and SMDOB  sliding mode disturbance observer
approving it for publication was Jinquan Xu "~ . ISMDOB integral sliding mode disturbance observer
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I. INTRODUCTION

Robot manipulator systems, which are widely used in indus-
tries, must have significantly high precision [1]. Robust con-
trol strategies are needed to ensure that the effects of various
work environments, such as the unknown varying weights of
the loads attached to the end effector of a manipulator, do not
degrade their tracking performance. Therefore, adaptive and
robust control strategies have been proposed to compensate
for the uncertainties and maintain the tracking performance.
In particular, sliding mode control (SMC) methods are pro-
posed by introducing the sliding surfaces in [2]-[6] and adap-
tive SMC methods that combine the adaptive algorithms and
SMC methods are studied in [7]-[10]. In addition, terminal
SMC (TSMC) methods in [11]-[14] can guarantee the finite
time convergence of the states unlike the SMC, and super
twisting SMC method [15] can reduce chattering owing to the
switching function while maintaining the robustness against
varying parameter. Since the disturbance observers (DOBs)
can achieve robust manipulator control, various DOBs have
also been designed in [16]-[19] to estimate and compensate
for system disturbances. Various studies on the compensa-
tion of the uncertainties in the manipulator dynamics and
the disturbances arising from the unknown load torque have
also been proposed by using intelligent control techniques
to estimate the disturbances and uncertainties. In particular,
neural network based methods are proposed in [20]-[22]
and adaptive fuzzy control methods are studied in [23]-[25].
The combination of neural network and adaptive fuzzy con-
trol methods are also designed in [26], [27] and swarm
optimization based method is proposed in [28]. In order to
obtain the robustness in the intelligent control methods, neu-
ral network-based SMC methods are developed in [29]-[31].
Reinforcement learning control method is also designed
in [32]. Although the equations representing the dynamics
of robot manipulator systems are used in the aforementioned
existing methods for designing manipulator controllers, the
presence of actuator dynamics, unknown manipulator param-
eters, frictional forces, and unknown load torque results in the
significant degradation of the control performance.

The modeling of the wunknown manipulator system
(i.e., robot manipulator system with unknown dynamics) is
difficult in practice owing to the following reasons. The
dynamics of the actuators in the robot, which are required
for the implementation of a robot manipulator in an actual
environment, have considerable influence on the manipula-
tor performance and should be included in the manipulator
dynamics. In addition, because precise values of the inertial
parameters of the links constituting the manipulator cannot
be readily obtained, the resulting overall robot manipulator
dynamics are complicated and difficult to obtain. Several
studies ([20]-[29]) have considered a few of these issues and
are based on model-based control methods in which nominal
manipulator dynamics are still required. Although the adap-
tive decentralized manipulator control methods proposed
in [33], [34] do not require the manipulator dynamics for
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control, and the resulting residual dynamics are considered as
uncertainties, the effects of the uncertainties are significant
in this case; thus, the uncertainties cannot be sufficiently
compensated by SMC and DOBs, as will be verified in the
experimental results of this study.

The present work is motivated by the fact that: i) the
performance degraded by the unknown actuator dynam-
ics, unknown manipulator parameters, frictional forces, and
unknown load torques should be recovered, and ii) the
unknown manipulator system should be modeled and con-
trolled in a robust manner.

The objectives of this study are i) development and iden-
tification of manipulator-actuator dynamics for an unknown
robot manipulator system, considering the actuator dynam-
ics, unknown manipulator parameters, frictional forces, and
unknown load torques; ii) enhancement of the control per-
formance of the unknown robot manipulator system, which
is degraded by the unknown actuator dynamics, unknown
manipulator parameters, frictional forces, and unknown load
torques; and iii) development of a nonlinear robust control
method based on system identification [35] and a robust
disturbance observer for the unknown manipulator.

This paper presents a system identification and inte-
gral sliding mode disturbance observer (SI-ISMDOB)-based
SMC method for the unknown manipulator system. The
overall structure of the proposed SI-ISMDOB-based robust
control method for the unknown robot manipulator is shown
in Fig. 1.

SI-ISMDOB based SMC for the Robot Manipulator

|
|
|
6, | SMC & ;J
| vq 1
| 5
| —
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Nonlinear
Velocity — [¢——
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FIGURE 1. Structure of the proposed SI-ISMDOB-based nonlinear robust
control system for the unknown robot manipulator.

Unlike the existing model-based control studies based on
the manipulator dynamics, the proposed method is based
on the manipulator-actuator dynamics that are obtained by
considering the manipulator dynamics as torque disturbances
and combining the manipulator and actuator dynamics at the
motor shaft. Considering the unspecified parameters of actu-
ator systems, system identification was performed to identify
the manipulator-actuator dynamics. To compensate for the
torque disturbances, an integral sliding mode DOB (ISM-
DOB) was designed based on the identified manipulator-
actuator dynamics. An SI-ISMDOB-based SMC law was
then designed using the torque disturbance estimates obtained
from the ISMDOB. Owing to the difficulty of reliably obtain-
ing the joint velocities by differentiating the joint positions
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measured from the encoders, a velocity observer was addi-
tionally used in the experiments.

The contributions of the proposed method are as follows.

First, manipulator—actuator dynamics, which combine
manipulator and actuator dynamics, are proposed by consid-
ering the motion of the robot manipulator as a disturbance.
Although existing control methods for robot manipulators
([1]-[19]) do not include the actuator dynamics in the
robot manipulator dynamics, they must be included during
the controller design owing to their significant impact on
the performance of the manipulator system. The actuator
dynamics have been considered in the manipulator con-
trol in [20]-[29], which, however, require knowledge of the
manipulator dynamics, actuator dynamics, frictional forces,
and unknown parameters constituting the manipulator, which
cannot be readily obtained. Accordingly, these issues can-
not be resolved by using the existing manipulator control
methods. Owing to these problems, the manipulator-actuator
dynamics have been identified via system identification
method in [35] by considering the torques generated from
the manipulator links as disturbances such that the manipu-
lator control can be achieved without the information on the
manipulator dynamics.

Second, an ISMDOB is proposed to estimate the torque
disturbances in the manipulator-actuator dynamics such that
the estimates are used in the control law for the identi-
fied manipulator-actuator dynamics. Because the ISMDOB
employs a robust disturbance compensation term, the esti-
mation performance can be maintained irrespective of the
time-varying characteristics of the disturbances. In particular,
an ISMDOB uses the integral sliding mode [36], [37] such
that the sliding surface can be reached from the start and the
uncertainties can be compensated at all times, unlike DOBs
([16]-[18]) and sliding mode DOB (SMDOB) [38].

Third, a nonlinear robust control law using SI-ISMDOB-
based SMC is proposed for the manipulator using the distur-
bance estimates obtained by the proposed ISMDOB. While
offline identification is used to achieve satisfactory tran-
sient tracking control performance, the online adaptation to
the uncertainties owing to both the identification error and
disturbances was achieved by the proposed SI-ISMDOB-
based SMC method. As the disturbances resulting from the
manipulator motion increase in magnitude, the performance
of the SMC with the adjustment of the switching control gain
decreases. In contrast, by constantly attaining the robustness
against the identification errors and disturbances using the
disturbance estimates in the proposed control law, the control
performance of the proposed SI-ISMDOB-based SMC law
can be greatly improved compared with both the SMC law
and the SMDOB-based SMC law that uses the disturbance
estimates from the SMDOB [38].

Finally, the experimental results obtained using an actual
robot manipulator are presented to validate the proposed
modeling and system identification of the manipulator-
actuator dynamics and the proposed SI-ISMDOB-based
SMC method. Because the manipulator-actuator model has
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a voltage input instead of torque input owing to the inclusion
of the actuator dynamics, the proposed method can be readily
implemented. When an additional load is attached to the end
effector of the manipulator, the proposed method can achieve
considerably improved performance over the SMC method
and SMDOB-based SMC method, validating the robustness
of the proposed method.

Il. MODELING OF MANIPULATOR-ACTUATOR DYNAMICS
In this section, the proposed modeling of manipulator-
actuator dynamics under the condition that the actuator sys-
tem driving the manipulator is a DC motor is presented.
The manipulator and actuator dynamics can be expressed
as [25], [32]

Jmém + Bmém + T = T, Tm = K¢, (1)
LI +RI = v — K0y, )

The effect of the inductance L in (2) is relatively small
compared with the mechanical motion in (1). In addition,
the dynamic model needs to be modified when a gearbox is
attached to the motor driving the manipulator system, that is,
74 and 6, are respectively related to T and 6 as

T = nnty, ém =nb. 3)

Therefore, (1), (2), and (3) can be combined as

JO +BO + 1 = ngnk,l, 4)
RI = v —nk,f, (5)

where J and B are the moment of inertia and coefficient
of viscous friction of the actuator dynamics, respectively.
Combination of (4) and (5) yields

| KK\ - T nnk;
9+J<B+ R )H—i-]— IR v, 6)
where t is considered as the torque disturbance in the com-
bined manipulator and actuator dynamics.

Remark 1: The time-varying characteristics of t in (6) can
be observed as follows: Assuming a uniform mass distribu-
tion for each link of the manipulator, the dynamic equations
for a two-link manipulator are given by [25], [32]

M@©@6§+C(0,0)+G®) =T, 7

where M (0), My, C (9, é), and G (0), as shown at the bot-
tom of the next page. Here, m; and /; are the mass and length
of i-th link for i = 1, 2, respectively, and g is the gravitational
acceleration. It should be noted that many robot manipulator
systems with n joints can be modeled in the form of (7),
because each actuator at each joint can control each link
attached at the joint by considering the manipulator dynamics
as torque disturbances. Therefore, the proposed method can
also be used in general manipulator systems.

By defining x; = 0 and x;, = é, (6) can be expressed as
the manipulator-actuator dynamics given by

. .k, 1 nn’KK, T
= N = —_ = B _—
X1 X2, X2 TR v 7 < + R X
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The voltage input can then be designed as
Vi=vg + v, ©)]

by combining the SI-ISMDOB-based disturbance compensa-
tion input vz and SMC input v, which will be designed later
in (18) and (31), respectively. The torque disturbance 7 in (8)
mainly arises from the manipulator dynamics in (7), but it can
include all the modeling errors in the manipulator-actuator
dynamics, unknown time-varying parameters, and frictional
forces.

Remark 2: The torque disturbance t and load torque at the
motor shaft t; are related by (3). Because the exact value
of 7 is not known, t in (8) is estimated using an ISMDOB
in Section IIL.A.

Ill. NONLINEAR ROBUST CONTROL BASED ON ISMDOB
FOR AN UNKNOWN ROBOT MANIPULATOR

Section III.A presents the design of ISMDOB on the basis
of the robot manipulator-actuator dynamics in (8) to estimate
the torque disturbances. An SI-ISMDOB-based SMC law is
then designed in Section III.B using the disturbance estimates
to compensate for the torque disturbances. The manipulator-
actuator system parameters in (8) required for the controller
design are obtained by system identification in Section III.C.

A. ISMDOB BASED ON MANIPULATOR-ACTUATOR
DYNAMICS

An ISMDOB is used to estimate the torque disturbance t in
(7). Thus, the manipulator-actuator dynamics in (8) can be
rewritten as

6, =F + Q, (10)

A 2
here 6, = 6,7 = ) (54 20
T

is a known function, and Q := -7 is a disturbance that
needs to be estimated and compensated. Considering that t
originates from the manipulator system in the manipulator-
actuator dynamics, the following assumption is made:

Assumption 1: The torque disturbance t and its time
derivative are bounded.

The validity of Assumption 1 is obvious from the fact that

To estimate the disturbance 2 in (10), the disturbance
observation model is defined as [38]

b, =F +, Y

where és and Q@ = —17 /J are the estimates of 6, and €2,
respectively. The integral sliding surface is then defined with
respect to the estimation error e, := 05 — 65 as [36]

Sol = €o + €of, (12)
where
o1 = ytanh{(a + bt) e,}, (13)

with the initial condition e,; (0) = —e,(0) such that
Sor (0) = 0 holds. It should be noted that because ¢,(0) and
e,(t) are available owing to the known values of 6; and és, eol
can be obtained by integrating (13) such that s,; (0) = 0 and
o1 (t) can be maintained at zero, the validity of which along
with the derivation of (13) is shown in the proof of Theorem 1.
The ISMDOB can then be designed as

Q = ksor — v+ ytanh{(a + bt) e,}, (14)
V=u, (15)
u = ysech®{(a+ bt) sor- < (a+bt) [ —y

tanh{(a + bt) e,}] — bsy; > —)/2 (a+ bt)

. sech® {(a+ bt)sor}sgn (s,) — lzsgn (50) — Sor, (16)

and the sliding surface s, is given by
So =V + ytanh (a + bt) sof a7

for positive constants a, b, k, and y satisfying y > €,
and the initial condition v (0) = —yranh{as, (0)}, such
that s, (0) = 0. The performance of the proposed ISMDOB
is analyzed, and the disturbance compensation input v, is
designed in Theorem 1.

Theorem 1 (ISMDOB for the Estimation of Torque Dis-
turbance): Under Assumption 1, the ISMDOB in (11)-(17)
guarantees the asymptotic convergence of s,;, ¢,, and &, to
zero such that Q asymptotically converges to Q2. The con-
trol input v, for the disturbance compensation can then be
designed as

JR
Q

the voltage input is physically bounded; thus, the torque, that Vd = — K (18)
is, the output of the actuator, and its time derivative are also nie
physically bounded by this practical power supply limitation. which leads to vy = %f from (11).
M (©) = My m21§/3+l’l121112COS92/2
T Lmi3 /3 + malilycos 6, /2 myl3 /3 ’
M = (m1l12 + mzlzz)/?) + mzll2 + mylil cos 03,
. —mzlllzéz sinf/2 — m211l291é2 sin 6;
0,0) = 2 o
C( ’ ) |: m21112912 sin6; /2
G©) = (m1/2 +my) gl sin'91 + mogly sin (6) + 62) /2 ‘
mogl sin (67 + 92)/2
VOLUME 10, 2022 35413
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Proof: The time derivative of the sliding surface s,; in
(12) can be combined with (10), (11), and (13) to obtain

So1 = Q — Q + ytanh{(a + bt) e,)}, (19)
which, in turn, can be expressed using (14) and (17) as

Sol = Q2 —ksor +V
= Q — ksor + 5o, — ytanh{(a + bt) so1}.  (20)
The time derivative of the Lyapunov function V| = sg 7 / 2 can
then be obtained using (20) as:
Vi = SolSol
= So1[2 — ksor + 50 — J/tanh {(a + bt) sor}]
< —kspy + SorSo — ¥ |Sor| - [tanh{(a + bt) Isor]} — o,
(21)
where 0 <o :=Q/y< 1.
The time derivative of s, in (17) can be expressed as
So = u—+ ysech2 {(a+bt) sy} < (a+ bt)
X [ — Q+ ytanh{(a + bt) ex}] + bsor > . (22)

Substitution of (16) into (22) gives

50 = ysech® {(a+ bt)s,} (a+ bt)2 — y*(a + bt)
-sechz{(a + bt) sor}sgn (so) — ksgn (so) — sor.  (23)
The time derivative of another Lyapunov function V, =
sg / 2 can then be obtained as
Vz = 5,50
= ysysech®(a + bt)sor - (a + b)2 — y*(a + bt)
- sech® {(a + bt) so} I5o] — K |56] = So150
< —k|sol = SorSo- (24)
The time derivative of the total Lyapunov function V,, :=
V1 4+ V; can be obtained from (21) and (24) as
Vo = _ksil —k 5ol
— ¥ Isor| [tanh{a + bt)|sei|}] — a]. (25)

In the case where |s,;| > m In (}f—z), the following
relationship is satisfied:

tanh{(a + bt) |sor|} = a, (26)
in which case the inequality in (25) satisfies
V, < —ks2, — k |so]. (27)

Accordingly, s,; and s, are ultimately bounded, and their
ultimate bounds decrease to zero owing to the fact that the
relationship in (26) holds with increasing time. From (27),
Sol» So € Loo, and s,; € Ly. Moreover, §,; € Loo holds from
(19) and Assumption 1. Therefore, s, asymptotically con-
verges to zero as per Barbalat’s lemma [39]. The boundedness
of 5,7 can also be derived to show that §,; and thus e, asymp-
totically converge to zero, which implies the convergence of
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€2 to Q. Therefore, the additional input v4 using Q generated
from the ISMDOB can be designed based on (11) to satisfy
nnk;
JR
which results in (18). |

va+ =0, (28)

B. SI-ISMDOB-BASED SMC FOR ROBUST ASYMPTOTIC
TRACKING CONTROL
The tracking error variables are defined as

e1 =60, —x1, ex=¢é)=6, —x2. (29)

In terms of the tracking errors in (29), the sliding surface is
designed as [36]

s=kie +en. (30)

The SI-ISMDOB-based SMC input v is then designed by
respectively choosing v, as per (18) and v, as

JR | KK,
= kos +k 0,4+ - B+ —=
Ve 77nK’{zS-i- 1e2 + r+J< + R X2

L Kmtanh{f,a + bt) s} }’

where ki, k», and K, are positive constants.

Remark 3: It is well known that a signum function, which
is used in the sliding mode control methods, results in the
chattering phenomenon, which should be inhibited by using
functions, such as a saturation function and a tangent hyper-
bolic function. In (31), tanh (s) is used instead of the signum
function sgn (s) to reduce the chattering phenomenon.

The stability and performance of the overall manipulator
control system using the proposed method are described in
Theorem 2.

Theorem 2 (SI-ISMDOB-Based SMC): The SI-ISMDOB-
based SMC law v using v4 in (18) and v, in (31) can guarantee
an asymptotic tracking control performance in the sense that
s converges to zero in a finite time and e; asymptotically
converges to zero.

Proof: The Lyapunov function V = s%/2 can be differ-
entiated with respect to time to obtain

) . K, 1 ’K.K,
V=s {kle2+9r— antv+— <B+M) xz+£}.

3D

J R

Substitution of (31) and (18) into (32) gives
) Kutanh{(a + bt) s} s i
J J
—kps® — 'Jil [Kmtanh{(a + bt) |s|} — |T]]  (33)

V= —kos

IA

where T := 7 — 7, guaranteeing the ultimate boundedness of
s. It should be noted that the ultimate bound of s is dependent
on 7, which asymptotically converges to zero as per Theorem
1. Because |T| becomes less than K,,tanh {(a + bt) |s|} in a
finite time, V < —e |s| holds from (33) for some € > 0 after
a finite time, implying the finite-time stability of s = 0 [40].
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Accordingly, e; asymptotically converges to zero according
to (30). Because the estimation error T arising from the use
of ISMDOB is analyzed in V in the form of (33), the effect of
the ISMDOB on the overall robot manipulator control system
is considered in the stability analysis. |

Remark 4: Although the effect of 7 on the tracking per-
formance can be suppressed by the last term in (31), the
experimental results obtained using an actual robot manip-
ulator, as presented in Section IV, demonstrate that the track-
ing performance of the SMC law degrades depending on
the characteristics of 7, unlike the proposed SI-ISMDOB-
based SMC.

C. SYSTEM IDENTIFICATION OF
MANIPULATOR-ACTUATOR DYNAMICS
To design the proposed SI-ISMDOB-based SMC, the
manipulator-actuator dynamics in (8) (i.e., the term F in
(10)) should be known. Accordingly, the system identifica-
tion toolbox provided by MATLAB was used to identify the
manipulator-actuator dynamics of the system containing DC
motors equipped with gearboxes. In the system identification,
the transfer functions were obtained by using the DC motor
voltages as inputs and their joint velocities as outputs. The
structure of the identified manipulator-actuator dynamics was
obtained based on the Hammerstein—Wiener model [41]-[43]
using the system identification toolbox, as shown in Fig. 2.
When a voltage input v with a value of 3.5sin (2.37) +
2.5 cos (1.3¢) was applied to the two DC motors, the identi-
fied models were obtained with respect to the first and second
joint velocities (i.e., 91 and 92) as

61(s) 805610 6r(s)  96.9472
v(s) s+44.7388 v(s) s+ 54.8874

with accuracies of 98.15% and 97.23%, respectively. On the
other hand, the model of the manipulator-actuator dynamics
in (8) can be expressed as

(34)

6(s) _ Ui’
V(S) s+ % <B+ ﬂnZIEtKe) .

Here, K;, K., and R are determined by the motor specifica-
tions, and 1 and n are known values, all of which are listed in
Table 1 and can be substituted into (35). The values of J and
B can be calculated by comparing (34) and (35) and are listed
in Table 1.

(35)

TABLE 1. DC motor parameters in (8).

Motor specification parameters System identification parameters
J, =2.6237-107 (kg -m*)
J, =2.3043-107 (kg - m*)
B,=0.0146 (Nm-s)

B, =0.0140 (Nm-s)

K, =6.92-10°(Nm/V)
K, =6.92-102(V / (rad / s))
R=1.94 (Q),n=70,7=0.8

The angular velocity 6 (i.e., xp) in (8) is not directly mea-
surable by the encoders because taking time differentiation
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FIGURE 2. Hammerstein-Wiener model for the identification of
manipulator-actuator dynamics using system-identification toolbox.

of the measured joint positions to obtain the joint velocities
amplifies the sensor noise. The velocity estimates from the
velocity observer [44] given by

6 =p+ Ko, p=Kisgnd + K0 (36)

are used in the experiments for positive constants Kp,
K, and K».

IV. SIMULATION AND EXPERIMENTAL RESULTS

The simulation and experimental results are presented to
validate the modeling of the manipulator-actuator dynamics,
identification method, and SI-ISMDOB-based SMC method
presented in Sections II and III. To verify the performance of
the proposed method, the performances of SMC, SMDOB-
based SMC [38], and the proposed SI-ISMDOB-based SMC
methods are compared in this section. As the existing meth-
ods cannot be used for the unknown manipulator system and
the proposed method which is based on the manipulator-
actuator dynamics is critical for the development of a control
method for the unknown manipulator system, the type of
control method used and further development of the various
ISMOs is not within the scope of this study.
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TABLE 2. Manipulator system parameters in (7).

m, m, g A l,

103.1 (g) 10.8 cm)  15.4 (cm)

165.7 (g) 9.81 (m/s?)

TABLE 3. Controller design parameters in (31).

Kml sz kl kz
0.7 0.4 4 2

TABLE 4. DOB design parameters in (12)-(17) and (37)-(38).

SM ISM SM ISM SM ISM SM ISM SM ISM

10 10 500 350 100 100 30 0.05 n/a  0.001

A. SIMULATION RESULTS

Simulations were performed using the MATLAB/Simulink
software. The nonlinear dynamics of the robot manipulator
in (7) were used in the simulations. The DC motor variables
used in the simulations are listed in Table 1, and the parame-
ters of the manipulator, controller, and DOB are summarized
in Tables 24, respectively. The design parameters of the
controller and DOBs listed in Tables 3 and 4 were chosen
by trial and error by observing the control and estimation
performance, as in the case of nonlinear control methods.
It should be noted that SI-ISMDOB-based SMC method com-
bines SMC with ISMDOB. Therefore, to compare the per-
formance of the SMC method, SMDOB-based SMC method,
and SI-ISMDOB-based SMC method, the design parameters
of the SMC law are set to be same in all these methods for
a fair comparison. However, the structures of SMDOB and
ISMDOB are different from each other; thus, their design
parameters cannot be the same.

To verify the tracking control performance of the proposed
method, a reference sinusoidal function was applied to the
first joint 67 for 15 s and to the second joint 6, for 25 s.
In addition, each scenario was simulated with and without the
DOBs, and their performances were compared, as shown in
Fig. 3, to verify the disturbance compensation performance.
The robust control using €2 from the ISMDOB in (18)is also
compared with an SMDOB [38], which is given by

A

Q =ks, — v,
u = J/sech2 (aey,) aQ + J/zasech2 (ae,) sgn (o)
—ksgn (so) — Sol.- (38)

So =V + ytanh(ae,), v=u, (37)

In the case of SMC without using any DOB, noticeably
large tracking errors were observed, irrespective of the form
of the references, as shown in Figs. 3(a), 3(b), and 3(c). On the
other hand, when the SMDOB-based SMC is used, even in the
presence of sinusoidal functions in the references of the first
and second joint positions (i.e., 6,1, 6,2), the joint positions 6
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FIGURE 3. Simulation results of the tracking performance using the
proposed SI-ISMDOB-based SMC method.

and 6, quickly converge to their references in approximately
2 s with a tracking error range of 0.2°. However, after 15 s,
the step responses of the first and second joint positions
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still have tracking errors of 0.05° and 0.10°, respectively.
On the other hand, when the SI-ISMDOB-based SMC is
used, a tracking error of 0.05° is observed for the sinusoidal
reference, and the tracking errors e; and e, converge to zero
for the step response. Fig. 4 compares the first and second
joint torque disturbances (1, 72) and their estimates (1, 72);
the comparison proves that the estimation performance of
the proposed ISMDOB for various types of disturbances is
excellent.
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FIGURE 4. Simulation results of the estimate 7; of the torque disturbance
7; using the proposed ISMDOB method.

B. EXPERIMENTAL ENVIRONMENTS

To verify the effectiveness of the proposed algorithm,
an experimental environment was designed, as shown in
Fig. 5. The control law is implemented using MATLAB/
Simulink, and the control law constructed in the program
using Quanser QUARC is interfaced with the experimen-
tal system. Using an NI PCle-6351 data acquisition (DAQ)
device, the sensor information from the actual system can be
sent to MATLAB/Simulink, from which the control input can
be transferred to the system.

MATLAB Quanser | NIPCIe-6351 | “;;"Lmk
P . « anar
/ Simulink QUARC (DAQ) Manipulator

FIGURE 5. Interface environment between the proposed robust control
system and the manipulator system.

The two-link manipulator model shown in Fig. 6 is
equipped with DC motors (2324U006SR) and gear boxes
(24/1 14:1), and gears with a 5:1 gear ratio are additionally
attached to the manipulator to increase the torques of the DC
motors to realize a final gear ratio of 70:1. The DC motors
have encoders (IE2-512) that can measure the manipulator
joint positions 8y and 6. Because the information from the
encoders contains measurement noise and the experimen-
tal data is obtained from the actual two-link manipulator

VOLUME 10, 2022

FIGURE 6. Actual manipulator system with an additional load.

system, the results obtained using this experimental setup
demonstrate the validity of the proposed method in a noisy
environment.

C. EXPERIMENTAL RESULTS

The parameters of the DC motor, manipulator, controller,
and DOBs used in the experiments are the same as those
listed in Tables 1-4. As in the simulations, the nonlinear
characteristics of the robot manipulator dynamics are present
in the experiments on the actual manipulator system. The
identification error owing to the nonlinear characteristics
of the manipulator-actuator dynamics, and the disturbances
owing to the unknown load torque were compensated by
the SI-ISMDOB-based SMC method. Experiments using the
same reference values as in the simulations were conducted to
confirm the validity of the proposed modeling method for the
manipulator-actuator dynamics and disturbance compensa-
tion method. To this end, the performance of the proposed SI-
ISMDOB-based SMC was compared to that of the SMC and
SMDOB-based SMC [38] methods. In addition, to confirm
the robust control performance, a mass object m3 with a
mass of 170.3 g was attached to the end of the second link
to increase the uncertainties in the manipulator dynamics
(i.e., torque disturbances). The experimental results without
and with m3 are shown in Figs. 7 and 8, respectively.

Fig. 7 shows the tracking errors using the i) SMC method,
ii) SMDOB-based SMC method [38], and iii) SI-ISMDOB-
based SMC method. When a DOB is not used in SMC, a rela-
tively large error is generated, as shown in Figs. 7(a) and 7(b),
similar to the one in the simulations. On the other hand, when
DOBs are used, the reference is followed with a consider-
ably small error range of 0.1°. In the case of the SMDOB-
based SMC method, the error occurred in the second joint at
approximately 18.6 s, as shown in Fig. 7(a). Although several
experiments were performed to confirm that this phenomenon
does not appear when using SI-ISMDOB-based SMC, the
jagged motion appears in the case of the SI-ISMDOB method,
as shown in Fig. 7(a). These phenomena were observed only
in the experimental results, and not in the simulation results.
In the experiments, uncertainties and disturbances can arise
owing to numerous factors in the robot manipulator links
and motor systems driving the links. Fig. 7(c) shows the
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torque-disturbance estimates and the first and second joint
voltage inputs (vi, v2) when using the SI-ISMDOB-based
SMC.

Figs. 8(a) and 8(b) show the tracking errors when the
object is attached to the end of the second link, and Fig. 8(c)
shows the disturbance estimates and voltages when using
the ISMDOB. When the DOB is not used, the maximum
tracking error of the two joint positions becomes greater
than 10°. In contrast, in the case of using the SI-ISMDOB-
based SMC, the first joint shows a maximum error of 0.4°
for a sinusoidal reference and 0.1° for the step reference; the
second joint also shows an error of less than 0.2°. In the case
of the SMDOB-based SMC, an error momentarily occurred
in the first joint at approximately 5 s. Even if this phe-
nomenon is neglected in the SMDOB-based SMC, both joints
have relatively larger errors for a sinusoidal reference com-
pared with that of the ISMDOB-based SMC. Based on the
experimental results, the proposed SI-ISMDOB-based SMC
method achieves the expected performance similar to that in
simulations. Through a comparison of the proposed method,
SMC, and SMDOB-based SMC, it is also validated that the
proposed control method is effective in both simulations and
experiments.

Tables 5-7 are provided for the analysis of the data present
in Figs. 3, 4, 7 and 8. The normalizing performance indi-
cator p, which was used in [45] and [46] for the perfor-
mance evaluation of robot motion controllers, is used to
evaluate the performance of SMC, SMDOB-based SMC, and
SI-ISMDOB-based SMC methods for both simulation and
experimental results. Table 5 (a) shows the simulation results
of the first link of the manipulator. Both SMDOB-based SMC
and ISMDOB-based SMC methods show the much less max-
imum error compared with those of SMC method. Although
the maximum error velocity of the SMC method is some-
what smaller than SMDOB-based SMC and ISMDOB-based
SMC methods, the performance indicators that considers both
the maximum error velocity and maximum error show that
ISMDOB-based SMC method achieve better performance
than the other methods. In the case of second link as well,
the improved performance of the ISMDOB-based SMC over
SMC and SMDOB-based SMC can be more clearly seen in
Table 5 (b). Tables 6 and 7 show the experimental results of
maximum error velocity, maximum error, and performance
indicator of the SMC, SMDOB-based SMC, and ISMDOB-
based SMC methods. As shown in Table 6, the ISMDOB-
based SMC shows much better performance in both the first
and second links than SMC and SMDOB-based SMC. In the
presence of additional load as well, the values of ISMDOB-
based SMC remain much lower than those of SMC and
SMDOB-based SMC in Tables 7. These results in Tables 5, 6,
and 7 clearly demonstrate that the SI-ISMDOB-based SMC
method results in the smallest value of p compared with
both the SMC and SMDOB-based SMC methods, implying
that the performance of the SI-ISMDOB-based SMC method
is better than that of the SMC and SMDOB-based SMC
methods in both the simulations and experiments.
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(c) Torque disturbance estimate  and torque input v using an ISMDOB.

FIGURE 7. Experimental results using the proposed SI-ISMDOB-based
SMC method for the manipulator system without the additional load m5.

It should be noted that the existing model-based control
methods cannot be directly used for robot manipulators,
unless their dynamics are available. In addition, most robust
and adaptive model-free control strategies have been studied
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TABLE 5. Simulation results of the performance indicator o of the SMC,
SMDOB-based SMC, and SI-ISMDOB-based SMC methods.

(A) FIRST LINK

Maximum Maximum  p; (:=ratio of
error velocity error |1 |max tO
le1lmn[rad/s]  |e1]mn(rad] €1 |max ) [5]
____SMC 13.9520 9.6501 0.6917
SMDOB-
 based SMC__ 15.6905 1.5025 0.0958
SI-ISMDOB-
based SMC 15.6847 1.4249 0.0908
(B) SECOND LINK
Maximum Maximum  p, (:=ratio of
error velocity error |€2 | max to
lezlmax [rad/s]  lepfmax[rad] | |max ) [s]
) (R 96.8232 6.5961 0.0681
SMDOB-
..... based SMC__ 90.0931 0.1951 0.0022
SI-ISMDOB-
based SMC 90.0588 0.0387 0.0004

TABLE 6. Experimental results of the performance indicator p of the SMC,
SMDOB-based SMC, and SI-ISMDOB-based SMC methods in the absence
of additional load m5.

(A) FIRST LINK
Maximum Maximum  p; (:=ratio of
error velocity error |1 |max tO
|€1 |max [rad/s] |e1|max[rad] 1€ |max ) [S]
___________ SMC 19.7010 8.0357 0.4079
SMDOB-
_ based SMC__ 21.6729 0.1221 0.0056
SI-ISMDOB-
based SMC 22.3136 0.0102 0.0004
(B) SECOND LINK
Maximum Maximum  p, (:=ratio of
error velocity error |€2|max tO
|ez |muX[rad/S] |82|szX[rad] |eZ |max ) [S]
___________ SMC 21.7219 2.6557 0.1223
SMDOB-
 based SMC__ 24.6865 3.4054 0.1379
SI-ISMDOB-
based SMC 22.3136 0.0976 0.0044

TABLE 7. Experimental results of the performance indicator p of the SMC,
SMDOB-based SMC, and SI-ISMDOB-based SMC methods in the presence
of additional load m5.

(A) FIRST LINK

(c) Torque disturbance estimate 7 and torque input v using an ISMDOB.

FIGURE 8. Experimental results using the proposed SI-ISMDOB-based
SMC method for the manipulator system with the additional load m5.

Maximum Maximum  p; (:=ratio of
error velocity error |€1 | max to
|e1|max[rad/s] |€1 |max[rad] |ellmax ) [S]
___________ SMC 33.8942 7.9508 0.2346
SMDOB-
 based SMC__ 28.2385 4.4145 0.1536
SI-ISMDOB-
based SMC 29.0017 0.4053 0.0140
(B) SECOND LINK
Maximum Maximum  p, (:=ratio of
error velocity error |€3 |max tO
|€2 | max[rad/s] |€3 | max[rad] [€2 |max ) [S]
_____________ SMC 20.9511 2.1309 0.1017
SMDOB-based
------------- sMC__ 23.5932 0.4388 0.0186
SI-ISMDOB-
based SMC 24.6592 0.1368 0.0055

for the systems other than the manipulator system. There-
fore, it is difficult to compare the performance indicator p
of the existing model-based methods or model-free meth-
ods and the proposed method for the considered unknown
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integral sliding mode disturbance observer methods, the over-
all proposed algorithm becomes complex. However, the algo-
rithm of the proposed method was implemented in a robot
manipulator system, and its feasibility was verified through
experimental results.

V. CONCLUSION

The innovative features of this study are that manipulator-
actuator dynamics are proposed and identified and then a
nonlinear robust controller for an unknown actual robot
manipulator system is designed, based on the identified
manipulator-actuator dynamics and torque disturbance esti-
mates. The identified manipulator-actuator dynamics with
torque disturbances are obtained via system identification,
and then the SI-ISMDOB-based SMC method is designed for
the unknown robot manipulator system. In the simulations,
the performance of the proposed method is verified for var-
ious reference joint positions. The validity of the proposed
SI-ISMDOB-based method is also verified experimentally
by implementing the proposed control strategy on a real
manipulator system.

Because the unknown actuator dynamics, unknown manip-
ulator parameters, frictional forces, and unknown load
torques result in significant degradation of the manipulator
control performance, the limitation of the existing methods
(i.e., they cannot be employed for the unknown manipulator
system) need to be overcome by developing the appropriate
model, identification, and control methods for the unknown
robot manipulator system. In contrast, the novelty of the pro-
posed manipulator-actuator dynamics is clear in developing
the robust manipulator control system since the manipulator
dynamics consider all of the manipulator dynamics, actu-
ator dynamics, unknown manipulator parameters, frictional
forces, and the coupling between the motions of the manipu-
lator links.

If an accurate model of the robot manipulator dynamics
is available, then it is reasonable to use the model in the
system control, as in the case of the existing model-based
control methods. However, if this is not the case, then the
proposed method can be significantly useful. In the proposed
control method, there exists a tradeoff between the system
model accuracy and the control performance of the robot
manipulator system.

Finally, several issues regarding future possible studies are
discussed. For nonlinear and robust adaptive control meth-
ods, the design parameters should be chosen through trial
and error by observing the estimation and control perfor-
mance. If the optimal design of the controller and observer
parameters can be achieved by employing various optimiza-
tion methods, such as particle swarm optimization, genetic
algorithm, and artificial bee colony algorithm, the overall
control performance of the manipulator system is expected
to improve; this can be pursued in future studies. In addition,
because the proposed method can be designed based only on
the identified manipulator-actuator dynamics instead of the
entire complex manipulator system dynamics, the proposed
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method can be extended to various practical systems and can
handle control issues, such as image-based visual servoing of
the manipulator system, which can be an interesting future
work.
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