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1. INTRODUCTION

The main issues in robot control problems include accurate reference tracking, load disturbance re-
jection and robustness to parameter variations. When all these relatively important requirements are taken
into account, the high-precision robot control problem presents some challenges due to the coupled nonlinear
dynamics of robotic systems. Various control schemes that may be divided into model-based and model-free
control categories have been designed and implemented for robot manipulators to tackle with these challenges.
The model-based controller designs include sliding mode control (SMC) [lL], [2], computed torque control [3],
robust control [4]], adaptive control [5], model predictive control [6] and backstepping control [7]. The model
uncertainties stemming from frictions, parametric uncertainties and load disturbances are the inherent issues
of the model-based controllers. To eliminate the effects of these uncertainties, robust, adaptive and machine
learning techniques have been used in the model-based control designs [8]-[10]. Specifically, many forms of
SMC approaches have been designed for robot manipulators including traditional SMC [11]], integral SMC
[12]], fuzzy SMC [[13]], backstepping SMC [7]], [14], terminal SMC [[15]], [L6], second-order SMCs [17]], non-
singular terminal SMC [18], fast terminal SMC [[19]], time-delay estimation based SMC [20] and adaptive SMC
[211], [22]], but these approaches require an accurate robot model to assure a good control response.

In recent years, some model-free control approaches have also been designed for robot manipula-
tors. Since, in general, a model (or model accuracy) is not considered in the control designs, the model-free
control methods offer some advantageous alternative approaches for robot control problems. The PD and PD
plus gravity controllers are the most common and highly effective model-free or minimum model requiring
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controllers for the industrial robotic manipulators [23], [24]. Machine learning-based controllers including
neural networks and fuzzy logic approaches are also designed in this context [25]. A data-driven observer-
based model-free adaptive discrete-time terminal SMC [26]], an extended state observer-based controller [27]],
the PID control [28]], [29] and an intelligent proportional-derivative SMC [30] have also been designed as
model-free controllers. The designed model-free controllers mostly consist of a controller plus estimated robot
dynamics, i.e., the alternative model-free controllers have virtually the same structure as the PD plus gravity
controller, but they have more complicated control design procedures and their control performances are not
significantly better than the PD plus gravity controller.

In this study, a model-free integral SMC is proposed for robust control of robot manipulators without
any need for the system model. The inherent robustness of SMC can properly cope with the highly coupled non-
linear dynamics of robot manipulators. Many SMC forms have been designed for robot manipulators, but these
approaches require a robot model to assure a good response or otherwise can exhibit poor tracking performance.
In this work, a three-term model-free continuous integral SMC is designed in order to assure high tracking
accuracy, fast convergence, and strong robustness against disturbances. The input—output information of the
robot without using any model parameters is utilized in the proposed controller design. The numerical results
in both joint-space and task-space implementations are provided for the PUMA-560 robotic arm to illustrate
the performance of the proposed controller. The results of the method are compared with the industrial PD plus
gravity controller. The proposed control method is able to provide a short settling time, non-overshoot response,
zero steady-state error, and robustness under the existence of load disturbances and parameter variations.

The study is organized as follows. A model-free integral SMC design for both joint-space and task-
space controls is presented in sections 2 and 3, respectively. Section 4 presents an application of the control
method to the PUMA 560 robot, and section 5 concludes the paper.

2.  JOINT-SPACE ROBOT CONTROL WITH A MODEL-FREE INTEGRAL SMC
The closed-form dynamic equations of an n-DOF robotic manipulator can be given by (1):

M(q)i+Clq,q)g+G(q) =T ¢))

where the joint parameters are defined with n-dimensional joint position vector ¢(¢), joint velocity vector ¢(t)
and joint acceleration vector ¢(t). The actuation torques for each joint are given by 7 € R™. The positive
definite and symmetric matrix M (q) € R™*"™ is the inertia matrix, C(q, ¢) € R™*™ is the Coriolis/centripetal
term, and G(q) € R™ is the vector of gravitational forces. The inertia matrix is bounded with m;I < M (q) <
m,, I where m; and m,, denote positive constants and [ is the identity matrix. The robotic manipulators satisfy
the skew-symmetric relationship, i.e.,

q"(M(q) —2C(q.4))g =0 (2)

For all ¢ € R", the Coriolis/centripetal term is bounded by a quadratic function as (3):

1C (g, )dll < collgll® 3)

where ¢g is a known scalar function (or a positive constant). The gravity vector is also bounded with ||G(q)| <
go for a finite constant gg > 0.

The control purpose of the robotic manipulator is trajectory tracking control (or reference regulation
as its special case). Designing joint-space controllers with smooth joint-space trajectories is the most common
approach. Consider a tracking error vector with a position control objective as (4):

(c=uus =)

where ¢4 is a reference signal vector. The control problem is to find a suitable actuation torque 7 such that the
position error goes to zero, e — 0 as ¢t — 0o. The control system must achieve this control objective with a good
transient response to reference changes, and it should reject load disturbances and tackle measurement noise.
The common industrial controllers include the PD control or PD plus gravity control methods for providing
desired control goals for robot manipulators. Hence, the PD plus gravity controller will first be revisited, then
a model-free controller will be introduced, and finally, the results will be provided comparatively.
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2.1. Revisiting the industrial PD plus gravity controller

Reference regulation of robotic manipulators is commonly accomplished by independent joint PD
control law with a gravity compensation term [23]. It is well-known that a full compensation of gravity vector
is not fully possible for degree-of-freedom (n-DoF) rigid manipulators, while the control performance can
significantly be improved with the gravity term. The PD plus gravity controller has the form of (5).

7= —Kye — Kqé + G(q) (5)

where the control matrices K, € R"*™ and Kq € R"*"™ are positive-definite and diagonal matrices and

G € R"isan approximate value of the gravity vector G(gq). Substituting (5) into , the closed-loop system
can be written as (6):

M(q)§+ C(q,d)q + G(q) + Kgé + Kpe = 0 (6)

where G = G — G. If the reference is a constant, then the PD plus gravity controller is quite effective. For
stability analysis, consider a positive-definite Lyapunov function as (7):

1. 1
V= iqTM(q)q + ieTer 7

The time-derivative of (/) is negative definite for a constant reference signal g4 = 0 and the skew-symmetric
robot property ¢* (M — 2C)¢ = 0, namely,

V < —Ain (Ka)lldl* + Gl 1d] ®)

where A, is the smallest diagonal element of K 4. Thus, the stability is assured with V < 0if Apin (K)|l4ll =
IG||. The steady-state error approaches to zero, but not becoming zero because the equilibrium point of the
closed loop system 7e f6 is found as (9):

G(q.) + Kyee=0=¢.= é(qe)/Kp )

where ¢, and e, denote equilibrium points. Since ||G|| < §o for a constant §o > 0, the error is bounded.
In addition, in practical implementations, the term G/(q) is replaced with (3(¢4) (known as PD plus desired
gravity compensation), where ¢4 is the reference signal. Therefore, the PD plus gravity controller requires
large proportional control gains to drive the error to the close vicinity of zero, which might excite measurement
noise and high-frequency system dynamics [23]].

2.2. A model-free integral SMC design

The SMC provides robust control solutions, but the reaching and sliding phases may require a long
time and high control effort due to the conservative bounds of the model uncertainty. To ensure high control
performance, fast convergence, and robustness against disturbances and robot manipulator variations, a three-
term model-free integral SMC can be defined by (10):

T =—Kos — Ki|s|“sgn(s) — 70

To = Kals|*sgn(s) (10)
s=¢e+ Ke
where tracking error e is defined as e = ¢ — g4 for a reference signal g4, control gain matrices are de-

fined with positive diagonal components as Ko = diag{ko1,...,kon}, K1 = diag{ki1,...,kin}, Ko =
diag{ka1, ..., kan} > 0, K = diag{k1,...,kn} > 0,and 0 < a < 1. The function, |s|*sgn(s), is defined in
the component-wise form as (11):

[ssgn(s) = [|s1|“sgn(s1),. .. [sn|*sgn(sa)]" (1D

where sgn(s;) = s;/|s;|. To facilitate the operations, a virtual reference vector ¢, is defined as (12):

G =q—s (12)
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Substituting the control law (I0) into the robot equation (TJ), the closed-loop system dynamics are obtained as

(13):
Ms=1— Mg —Cq. — G(q) — Cs (13)

Consider a positive definite Lyapunov function for stability analysis of the closed-loop system as (14):

V= %STM(Q)S (14)

The time-derivative of (T4)) can be written as (15):

. 1 ..
V=sTMs+ §sTMs

1 ..
sT'[r — Mg, — Cg, — G] — s7Cs + isTMs
n 15
= —STKos - STA — Zk1i|8i|a+1 ( )

i=1

- Z[k0i|3i| + Kl si @ — [Adl]]si]
i=1

IN

where s7 (M — 2C')s = 0 due to the skew-symmetric property, and A = Mg, + C¢, + G + 7. The stability
is achieved with V' < 0 if (ko;|s;| + k14]si|®) = |Ai]. For @ = 0.5, a solution of this condition yields (16):

1
0,
where |A;| < do. Thus, the control signal drives the robot states into the bounded set in finite time. Since
V' < 0, the system is stable, and the trajectory reaches the sliding surface in finite time and stays in a very close
neighborhood of it. The bounded set can be designed to be very small with large control gain choices, i.e., the
robustness and practical stability of the controller are assured when k1; > dp and kg; > 0. Once the robot
trajectory reaches this bounded set, then all the state variables will virtually have their steady-state values. For

a constant reference signal ¢4, a unique steady-state solution of the closed-loop system (I3) is found by setting
all derivatives to zero as (17):

‘Sl| > [k‘i + 2koido — k’li(kj%i + 4k0¢d0)1/2] (16)

G(qe) = —Kg/ [se|*sgn(se)dt a7
0

where ¢. and s. denote equilibrium points. This implies that the term A in will approach zero, dy — 0
with t — o0, and thus, the bounded set will go to zero |s;| — 0. Due to the fact that the differentiable
function V() has a finite limit as ¢ — oo, and V/(#) is uniformly continuous, V'(t) — 0 as t — oo according
to Barbalat’s lemma [31]. This means that the error functions e and é tend to zero as time goes to infinity.

There are five control parameters to be determined. The features of these control parameters are as
follows. The positive diagonal control gain matrices K and K; must be selected large enough to guarantee
system stability. The integral term of the controller acts as an adaptive controller as seen in equation (I7), and
is used to compensate for the static system parameters and disturbances. Hence, the disturbance compensation
speed of the controller is determined from the value of the gain matrix K5, which can be selected as ko; > go
(upper bound of gravity vector). The control parameters K determine the speed of the transient response of
the control system. The parameter « is selected as o = 0.5 for good robustness and noise rejection features.
Finally, the controller may encounter the chattering phenomenon, so the discontinuous switching function,
sgn(-), may be replaced with its smooth approximates (e.g., sigmoidal or saturation functions) in practical
applications with guaranteed uniform ultimate boundedness of errors.

2.3. Task-space robot control with model-free integral SMC
The joint-space control method describes robot movements using the torque and angular positions and
velocities that are necessary to complete the task. While the joint-space control is designed by default, it needs
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inverse kinematics to calculate the desired joint-space reference trajectories for completing a task, which pos-
sesses some difficulties. An alternative approach is the task-space (or Cartesian-space) control, in which
the forward kinematics and Jacobian matrix calculations are used to transform between joint-space variables
(q1,---,qn) to task-space variables (1, ..., x,,). The task-space control is commonly designed with the in-
verse Jacobian or transpose Jacobian regulators to deal with a mechanical impedance of the robot end effector
[32], [33]. The advantage of the task-space control approach is to operate directly on the task-space variables,
but the effects of singularities and redundancy cannot easily be managed, and it may become computationally
demanding if velocities and accelerations are of concern [34].

The forward kinematics is used to find the pose of the end-effector. Given the joint angles ¢ € R",
the end-effector pose x € R™ is defined by (18).

z=f(q), f: R" = R™ (18)

The differential relationship between the joint displacements and the resulting end-effector motion is repre-
sented by the Jacobian matrix as (19):

&= J(q)q, J(q) = 0f(q)/0q (19)

where J(q) € R™*" is the analytical Jacobian matrix standing for the mapping from joint space to task space.
The transpose of the Jacobian is also used to describe the torque and force relations by (20),

7=J(q)"F (20)

where F' € R™ is the applied force at the end-effector in task space. The Jacobian transpose method eliminates
the issues related to the Jacobian inversion and singularity problems, and thus it is used to obtain the robot
model in the task space as (21),

M(z)i + C(z, %)t + G(x) = F (1)

where M (z) = J-TM(q)J ', C(x,4) = J TC(q, )]+ — T TM(¢q)J*JJ ' and G(x) = J-TG(q).

It is assumed that the Jacobian matrix is nonsingular, but if it is singular then the system has re-
dundancy for the given task in the task space. The task-space robot equation has the similar properties to
joint-space robot equation, including the skew-symmetric property :i:T(M —2C")% = 0 and boundedness of the
other robot equation terms [35]]. Therefore, the joint-space controllers can also be designed in a similar form
for the task-space representations.

In task space a tracking error vector with a position control objective is defined as (22):

{ezx—xd:tl’g&ezO} (22)

where z4 is a reference signal vector. To achieve this tracking control goal for (Z1)), similar to (I0) a model-free
integral SMC can be defined as (23):

F = —Kos — Ki|s|*sgn(s) — fo
fo = Ka|s|*sgn(s) (23)
s=¢+ Ke

where e = = — x4 for a reference signal x4. Similar to the joint-space controller analysis, for a Lyapunov
function, V. = 0.5sT M (z)s, we can show that its time-derivative is negative definite as Vv < 0 under the
controller (23). Namely, the error functions e and é tend to zero as time goes to infinity.

The general task-space control and joint-space control schemes are illustrated in Figure 1. There are
different pros and cons to trajectory planning and control in joint space or task space. For example, joint-space
trajectories have smooth actuator motion and have no problem with singularities, while inverse kinematics are
needed to generate joint-space references. On the other hand, task-space trajectories are easier to visualize and
the motion in task-space is more predictable, but it is prone to singularities and the actuator motion is more
difficult to verify.
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Joint-space control scheme Task-space control scheme
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i

Figure 1. Model-free control implementations in joint-space and task-space of robotic manipulators

Xd

3. CONTROL IMPLEMENTATIONS TO PUMA 560 ROBOT
The explicit dynamic model of the PUMA 560 robot is given by [36]:

M(q)G + B(q)did; + C(g,4)q; + Glq) =7 — 7 (24)

where 7; is the load torque, B(q) is the matrix of Coriolis forces, C'(q) is the matrix of Centrifugal forces, and
i # jfori,j =1,...,6. The PUMA 560 robot matrix/vectors can be defined by M = [m;;], B = [bi;x],
C = [¢;5], G = [G;], whose components are given by [36],

mi1 = L 14+ 11 +13CCo+ (I + 121 +2115) S S23+ (110 +2122) SCo3+ 111 SCo +2C; [ I5 S23+I112C23+ 116523
mig = 1452 + IgCo3 + IgCo + 113523 — 118C3

mi3 = IgCos + 113523 — I13Co3

Moy = I;n2 + Iz + I + 2[I553 + 1120 + I15 + 116S3]

maog = I5S3 + Is + 112C3 + 11653 + 2115

mas = 1,3 + I + 2115

mas = I15 + 17

Mg = L4+ Iy

mss = Ind + Iy

mee = 1,6 + I23

ma21 = Mi2, M31 = M13, M32 = M23

bi12 = 2[—]3502+(I5+I16)0223+(I7+2115+121)SCQg—1125223]+(Ilo+2122)(1—25523)+111(1—2552)
bi1g = 2[(I5 + I16)C2Co3 + (I7 + 2115 + 121)SCa3 — I12C2S53 + I2o(1 — 25S53)] + I19(1 — 25523)

bi1s = 2[=SC%3 + 1155C23 4 I15C2Ca3 + 122CCa3)

bios = 2[—1IgS23 + 113C23 + 118523]

ba1a = I14S23 + I19523 + 120523

baog = 2[—11253 + I5C3 + I16Cs]

baas = 2[116C3 + I22]

bass = 2[116C3 + I22]

b314 = 120523 + 114523 + I19523

bg12 = —bo14
by13 = —b314
ba1s = —I20523 — 117523
b514 - *b415

ciz2 = 140y — IgSo3 — 1982 + 113C53 + 118523
c13 = 0.5b123

Co1 = —0.5b112
Co3 — 0.5b223
C31 — —0.5b113
C32 = —C23

C51 = —O.5b115
C52 — 70.5])225

Ga = g1C% + g2523 + 9352 + 94Co3 + g5 523
G3 = g2523 + 9aC23 + 95523
G5 = g5523
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where S; = sin(g;), C; = cos(q;), Cij = cos(q; + q;), Sijr = sin(¢ + ¢; + qx), CC; = cos(g;)? and
CS; = cos(g;) sin(g;), and all other elements of the matrices are zero. The PUMA 560 robot arm constants
and DH parameter values are provided in Tables 1 and 2, respectively.

Table 1. Inertial (kg/ m?) and gravitational (N'm) constants
No  Inertial (kg/ m?2)  Gravitational (Nmn) constants No  Inertial (kg / m?)  Gravitational (Nm) constants

1 I 1.43 18 Ig 0.000431
2 Ip) 1.75 19 Ig 0.0003

3 I3 1.38 20 I2g —0.000202
4 14 0.69 21 121 —0.0001
5 I5 0.372 22 122 —0.000058
6 Is 333 23 Ia3 0.00004
7 I7 298 24 Im1 1.14

8 I —0.134 25 Ima2 4.71

9 Iy 0.0238 26 Ims 0.827
10 Io —0.0213 27 Ima 0.2

11 I —0.0142 28 Ims 0.179
12 T2 —0.011 29 Ime 0.193
13 I3 —0.00379 30 g1 —37.2
14 I14 0.00164 31 g2 —8.44
15 Is 0.00125 32 g3 1.02

16 I6 0.00124 33 g4 0.249
17 Iv7 0.000642 34 g5 —0.0282

Table 2. PUMA 560 arm DH parameters

Link ¢ q; (67 (o7} dl'
1 @ 90 0 0
2 q2 0 0.4318  0.14909
3 q3 90  0.0203 0
4 qs -90 0 0.43307

The PUMA 560 robotic arm has six axes, but the last three axes form only a spherical wrist as seen in
Figure 2. The control results are provided when the last three axes (g4, g5, ¢6) of the robotic arm are locked,
and thus results corresponding to the first three axes (g1, ¢2, g3) are provided. The torque constraints of the
PUMA 560 robot are taken into consideration in joint-space and task-space control designs, which are given
by |11| < 97.6, |12 < 186.4, |73 < 89.4, |14] < 24.2, |15] < 20.1 and |76| < 21.3 Nm. In numerical studies,
the contributions from measurement noise and load disturbances are considered. It is assumed that the angular
position and angular velocity measurements are exposed to normally distributed measurement noise with a
mean of = 0 and a standard deviation of o(¢q) = 0.172 deg (or £0.5 deg in magnitude) and o(¢) = 0.5 deg/s
(or £1.43 deg/s in magnitude). Step load disturbances with 7; = 10 Nm magnitude (around 10% of the first
three joint torque limits) are added to system torque inputs at £ = 5 s for evaluating load disturbance rejection
performances of the controllers.

Figure 2. Schematic diagram of the PUMA 560 robotic manipulator
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3.1. Joint-space control results

Joint-space control results are provided in Figure 3 to Figure 8 for both PD plus gravity and the
proposed model-free integral SMC controllers. The control gains are selected such that controllers provide
non-overshoot responses and take into account the torque constraints of the PUMA 560 robotic manipulator.
The PD plus gravity controller gain matrices are taken as K, = 500 I3 and K; = 100 I3 where I3 € R3*3 is
the identity matrix. The model-free integral SMC controller gain matrices are chosen as Ky = 60 I3, K; = 50
I3, K5 =200 I5, K = 5 I3 and o = 0.5. It should be noted that the discontinuous function of the controller is
approximated as sgn(s;) =~ sat(s;/5) in the implementations to avoid possible chattering in the torque control
inputs. The control parameters are selected such that both controllers can have very close performances for
comparison targets.

Performances of the controllers for constant references, g4 = (7w/4,7/2, —7n/4), are illustrated in
Figures 3 to 5. Figure 3 shows that both controllers have non-overshoot transient responses and reach the
steady-state conditions in less than 0.5 s with zero steady-state error under no-load conditions. Figure 4 shows
the torque control signals of the controllers, in which both controllers produce almost the same torque inputs.
Load disturbance rejection performances of the controllers are assessed for a step load 7, = 10 Nm (less
than 10% of the joint torque limits) added to system torque inputs at ¢ = 5 s as seen in Figure 4. Under the
load disturbance, Figure 5 shows that the model-free integral SMC controller quickly eliminates the effects of
the load disturbance and provides zero steady-state errors. However, the PD plus gravity controller provides
an erroneous performance under load disturbance. Hence, the proposed model-free integral SMC controller
provides robustness to the robotic manipulator control against load disturbances.

Figure 6 shows the disturbance estimation performance of the controller. The integral term 7y of
the controller acts as an adaptive controller and compensates for the static system terms and disturbances.
Under no-load conditions, it is seen in the figure that the integral control components approach to the gravity
components, 791 — G1, 702 — G2, and 793 — G3. When a step load 7; = 10 Nm is added to system torque
inputs at ¢ = 5 s, the integral control components approach to the total values of static terms, i.e., To1 —
G1+ 111, 702 = G2 + T2, and 193 — G5 + 7y3. The gain matrix K5 determines the disturbance compensation
speed of the controller, i.e., the larger the gain, the faster convergence is observed, but an oscillation in the robot
trajectory can be seen with large integral control gain values. Hence, there is a trade-off between controller
performance and disturbance rejection response speed.

PD plus gravity controller

2 ‘ ‘ 1
. . G
2 Q
£ 0.5 y =
3 § 0 7,=10Nm
E 51 ﬁ
° 'g 0 " .
< )
b= 2
[}
S g -0.5 (:h
3 ;
-0.5 g3
-1 L -1 .
0 2 4 0 2 4 6 8 10
t(s)
Model-free integral SMC controller
2 : : 1 : .
a2 Q
) T 05 7;=10Nm
g £
o ?
o 2 "
5 t 3 0 Cananeion
< o
z >
o S i
= £ 05 4
05F - 43 -
L - ‘ L | | |
0 2 4 6 8 10 0 2 4 6 8 10
t(s) t(s)

Figure 3. Constant reference tracking control performances for joint positions and velocities under 7, = 10
Nm load torque
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PD plus gravity controller Model-free integral SMC controller
100 ; ‘ . , 100 : : ‘ ‘
T2 )
50 ;=10 Nm ] 7;=10 Nm
- Tq “ S0r ~Tq
£ B
Z o0 Z o
S -
-50 T 50 T
-100 } L L L L -100 L L L L
0 2 4 6 8 10 0 2 4 6 8 10

t(s) t(s)
Figure 4. Control torque signals for each joint for constant references

PD plus gravity controller Model-free integral SMC controller

0.2F /ﬂ“ " 3 027 ,«"V

{ |\ / e
[ 3 / — 3

o1l | 1,=10 Nm 1 %1 7 =10 Nm

/

Error (rad)
Error (rad)

t(s) t(s)

Figure 5. Constant reference tracking errors under 7; = 10 Nm load torques

Disturbance Estimation

8 9 10

Figure 6. Disturbance estimation with an integral term of the model-free integral SMC controller

Figures 7 to 9 show the performances of the controllers for sinusoidal reference signals. Figure 7
displays non-overshoot transient responses and less than 0.5 s settling time with zero steady-state error in joint
positions and velocities for both controllers under no-load disturbances. When a step load 7; = 10 Nm is added
to system torque inputs at £ = 5 s as seen in Figure 8, the PD plus gravity controller provides a constant steady-
state error. On the other hand, the proposed model-free integral SMC controller quickly recovers the effects of
load disturbances. The load disturbance rejection performances of the controllers can easily be seen in Figure
9. The phase-plane portraits ( vs y) are plotted when a step load 7, = 10 Nm is added to system torque inputs
att = 0 s as seen in Figure 9. It is clear that there is an offset error for the PD plus gravity controller. Similar
to the constant reference case, the model-free integral SMC controller rejects the load disturbance and provides
zero steady-state error and robustness to the robotic manipulator.
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PD plus gravity controller
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Figure 7. Sinusoidal reference tracking control performances for joint positions and velocities under 7; = 10
Nm load torque
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3.2. Task-space control results

For task-space control design, the forward kinematics and its Jacobian matrix are needed as seen in
Figure 1. Forward kinematics of the PUMA 560 robot obtained from the DH parameters given in Table 2 when
the last three axes (g4, g5, gs) are locked is given by (25):

x = C1(agCs + a3Ca3 + dySa3) — d2Sy
y = S1(az202 4 azCaz + dySa3) + d2Cy (25)
z = CLQSQ + 113523 - d4C23
where S is used for sin(q; ), C is used for cos(qi ), Sa3 is used for sin(gz+¢s3), and Cag is used for cos(g2+¢3).
The robot parameters are do = 0.1491, dy = 0.4331, ay = 0.4318 and a3 = 0.0203. The Jacobian matrix of
the robot is obtained as J = [j;;] € R3*? with (26).
Ju = —581(a202 + azCaz + daS23) — d2Cy
J12 = C1(—a2S2 — azSaz + dsCas)

J13 = C1(—a3Sa3 + dyCa3)

Jo1 = C1(a2C2 + a3Cas + dySa3) — d2Sy 26)
Jo2 = S1(—a2S2 — a3Sa3 + dyCo3)

J23 = S1(—a3Sa23 + dsCa3)

Ja1 =0, Jjs2 = d4So3 + a3Cas + a2Cs
Jaz = daSa3 + a3Cas

Task-space control results for the PUMA 560 robotic manipulator are shown in Figures 10 to 12 for both PD
plus gravity and the proposed model-free ISMC controllers. The PD plus gravity controller gain matrices
are taken as K, = 50003 and K; = 10003 where I3 € R3*3 is the identity matrix. The model-free
ISMC controller gain matrices are chosen as Ky = 600/3, K1 = 5003, Ko = 2000/35, K = 5I3 and
o = 0.5. To eliminate possible chattering in the torque control inputs, the signum function is approximated
as sgn(s;) =~ sat(s;/5) in the control implementations. Again, as in joint-space control designs, the control
parameters are selected such that both controllers can have very close performances for comparison goals. In
addition, non-overshoot responses for both controllers are targeted.
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Figure 10. Task-space tracking control performances for joint positions and velocities under 7; = 10 Nm load
torque
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Task-space references are taken as z4(t) = 0.2540.1sin(¢), yq(t) = 0.25+0.1 cos(t) and z4(t) = 0.
Figure 10 displays task-space tracking control performances for joint positions and velocities under 7; = 10
Nm load torque applied att = 5 s. It is obvious that both controllers have non-overshoot transient responses and
reach the steady-state conditions in less than 0.5 s for both position and velocity reference signals. Figure 11
shows that both controllers produce almost the same torque control signals. Under the load torque disturbances,
Figure 12 clearly shows that the model-free integral SMC controller quickly rejects the load disturbance effects
and provides a zero steady-state error. However, the PD plus gravity controller is not able to eliminate the load
disturbance completely. Similar to the joint space control application results, the proposed model-free integral
SMC controller provides robust and highly satisfactory trajectory tracking performance in task-space control
of the PUMA 560 robotic arm.
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Figure 12. Task-space tracking errors under 7, = 10 N'm load torques

4. CONCLUSION

A model-free continuous integral sliding mode control approach is proposed for controlling robotic
manipulators for providing robust and high control performances. The integral term of the controller has the
working principle of adaptive control and dynamically eliminates the effects of static terms such as gravity
terms and load disturbances. The controller is completely model-free and utilizes the robustness feature of the
sliding mode control for the global stabilization of robotic manipulators. The proposed controller is designed
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for both joint-space control and task-space control implementations. The performance of the controller is
illustrated on the PUMA 560 robotic manipulator and compared with the performance of the PD plus gravity
control approach. The numerical results show that the model-free control method is capable of providing a
non-overshoot response, fast settling time, zero steady-state error under load disturbance and measurement
noise, and is robust under bounded uncertainties.
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