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Abstract: Robotic manipulators deployed in automation industry require high speed with precision and accuracy to
perform sophisticated control tasks. Whereas, the factors like highly coupled dynamics, internal and external perturbation
forces, joint friction and parameter variations degrade the performance of the manipulator. Consequently, the need of an
advanced control technique or more preferably combination of multiple techniques with the capability of handling
disturbances has been increased significantly. In the present research, design of Disturbance Observer (DO) based control
techniques for a 6-Degree Of Freedom (DOF) robotic arm is presented to eliminate the effect of uncertainties and
disturbances and to enhance the robustness of both Sliding Mode Control (SMC) and Passivity Based Control (PBC).
Results demonstrate that the proposed controllers precisely estimate the torque yielded by external perturbation forces and
improve the trajectory tracking performance of the system, which results in comparatively high performance of robotic

manipulator in terms of speed and precision.

Keywords: Robot control, Robotic manipulator, Non-linear control, Industrial robot.

1. Introduction

Advancements in the field of automation have
significantly accelerated the growth of
manufacturing industry. Continuous assembly
lines have been implemented to meet the
requirement of mass production [1]. Robotic
manipulators are considered as an integral part
of such production lines as they offer potential
advantages like accuracy, repeatability,
throughput, swiftness, reliability and safety [2].
Furthermore, they can work in hazardous
places where environment is harmful for
human health [3]. Robots now perform various
jobs ranging from simple task of pick and place
to more sophisticated tasks like welding and
cutting in automation industry [4]. Moreover,
robots are also being extensively employed in
the fields of medicine, defense, rescue and
safety, mining, underwater and space
exploration etc. [5]. Many industrial
applications require fast and highly accurate
motion of the robots. Precise movement of
robotic links with high speed can only be
achieved with a well-defined control strategy.

Control in robotics refers to the computation of
input torque which ensures the accurate
tracking of a desired trajectory. Research
community has proposed various control
strategies ranging from simple linear feedback
control e.g. Proportional Integral Derivative
(PID) to more sophisticated algorithms. A
comprehensive review of such robust and non-
linear control strategies has been presented by
Ajwad et al. in [6].

Sliding Mode Control (SMC), based on the
variable structure control theory, lies in the
category of non-linear robust control [7]. The
advantages of SMC include system stability
and robustness against matched uncertainties.
Similarly, Passivity Based Control (PBC) is
capable of handling the problems related with
tracking and output feedback control. It
employs the passivity property of physical
system. The robot dynamics are complex and
highly nonlinear in nature [8]. The position,
velocity and acceleration of one joint have
some affect over other joints. Furthermore,
modeling uncertainties, friction, gravity and
external forces can influence the motion of a
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robot as well. The performance of designed
control technique can be enhanced significantly
by adding a Disturbance Observer (DO) in
feedback loop which can, substantially, reduce
the aforementioned effects. It estimates
variations in parameters and friction as external
perturbations by using system dynamics.

Realization of control schemes based on DO in
the domain of robotics is an active research
area. DO has been utilized by Wang et al. in [9]
to estimate the friction in a system and to
eliminate external disturbances. Tracking
performance of LuGre friction model-based
motion controller has been improved by adding
DO in the feedback loop. He and Xie have
implemented DO to control a non-minimum
phase system [10]. To compensate the non-
linearities and to cater noise in the feedback of
system output, another controller comprising of
high pass filter has been used. Chen et al. have
designed a non-linear DO for 2- Degree Of
Freedom (DOF) robotic manipulator in [11]
which was further extended for a 3-DOF arm
by Korayem and Haghighi in [12]. Stability of
the proposed controller has been analyzed
through Lyapunov’s stability criterion. It has
been demonstrated that non-linear DO based
control structure provides superior performance
even in the presence of friction and heavy
payload. In [13], fast dynamics of tele-operated
system, employed in master-slave
configuration, has been controlled through DO-
based novel control technique. Parameters of
the proposed controller determine the minimum
rate of exponential convergence and also ensure
the boundedness of tracking error even under
fast-varying disturbances.

In the present work, DO is implemented to
improve the performance of 1* order SMC and
PBC for a multi-DOF robotic arm. Both SMC
and PBC are subjected to disturbance at input
channel. It is shown that DO provides precise
estimate of disturbances without any
requirement of expensive force and torque
sensors. The presence of DO greatly eliminates
the effect of disturbances and increases the
system robustness.

The remaining paper is organized as follows;
Section 2 describes the manipulator system
under study with a  comprehensive
mathematical model. Section 3 formulates
SMC and PBC and presents the tracking results
of both techniques. Design of DO and
corresponding results have been detailed in
Section 4. Finally, Section 5 comments on the
conclusion of the paper.

2. System Description

In current research work, the system under
consideration is a custom developed
AUTonomous Articulated Robotic Educational
Platform (AUTAREP) [14] shown in Figure 1.
The platform is centered on a 6-DOF robotic
manipulator which has five revolute joints from
waist to wrist in an analogy to a human arm.
The robotic arm consists of a two-fingered end-
effector for object handling.

Joints of the robotic arm are actuated through
precise DC servo motors (DME38B50G-11 for
points and DME331337G-171 for end-
effector). Optical encoders with each motor
provide position feedback. The application
areas of this manipulator include academia,
research and automation industry [15].

Robot

Motor
encoder

Camera

Force Sensing
Resistor

Figure 1. AUTAREP: A pseudo-industrial framework developed for research and educational purpose
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Design of the control algorithm demands
deriving the mathematical model of the system.
This can be attained by considering the robot
kinematics and dynamics. Kinematics describes
the relationship between robot joint angles and
position and orientation of end-effector [16].
Denavit-Hartenberg (D-H) parameters based
kinematic model of AUTAREP manipulator has
been derived in [17]. Dynamic model expresses
the motion of body in response to the
forces/torques acting on it [18]. Various
methods for the computation of dynamic model
have been purposed by research community
[19]. In current work, dynamic model of the
manipulator has been derived using Euler-
Lagrange method to simulate robot motion and
to formulate control algorithm. Kinetic and
potential energies of i" link can be computed
(1) and (2) respectively.

kiZEmiv§vc,+%ja)T§I ia) (1)
ui:_migTCiP-i-ureﬁ (2)

where nomenclature is as follows:

m; is mass of the link

V. is linear velocity of the link w.r.t.
Center of Mass (CoM)

‘o is angular velocity of the link with
respect to its frame i

j[ is inertia of the link w.r.t. its frame i

P is CoM position of the link

u,, 1s reference potential energy of the link.

Lagrangian and torque of each link have been
then computed using (3) and (4) respectively.

L:kT_uT (3)

—doL_ oL
T dt 06 08

where kr and ur represent total kinetic energy
and potential energy related to each link
respectively. The resulting dynamic model of
the manipulator is represented by (5).

=M (q)q+V(q.4)+G(q) (5)

where 7 denotes the input joint torque and ¢
represents the position of robot link. M(q)
describes the inertia matrix, V(q,q) represents
the matrix comprising of Corollis and
Centrifugal forces and G(g) is gravity matrix.
The derivation details of 8" order AUTAREP
manipulator model is presented in [20].

“4)

3. Control Design Techniques

The derived dynamic model has been used to
develop SMC and PBC control laws. The
design detail of both laws is discussed below:

3.1 Sliding mode control

SMC can handle various classes of uncertain
nonlinear systems especially in discrete domain
with  Multi-Inputs  Multi-Outputs  (MIMO)
systems [21]. SMC provides insensitivity of the
system to parameter variation, unknown joint
inertia, friction and external disturbances. It
consists of two phases generally known as
reaching phase and sliding phase. The sliding
phase begins within finite time when system
trajectories, starting from their initial state,
reach the sliding surface and evolve from there
till all the further time. The block diagram of
SMC is illustrated in Figure 2.

Consider a nonlinear system in canonical form,
as given in (6).

¥!
)
,y

SMC

Desired

Trajectory

Figure 2. Block diagram of SMC
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i=flx, t)+b(x,t)u+A(x,1) (6)

where xeR" and wu€R™ denote the state
vector and control input vector respectively.

The functions f and b are assumed to be
continuous and smooth vector fields. A(x,¢) is
matched and bounded uncertainties with
lIA(x,t)||<D . First step to design a SMC law
is definition of sliding surface which follows
from Hurwitz polynomial.

A

i+C .x (7

S=
dt

where 7 is a constant which defines the order of
the sliding mode controller. Sliding surface is
typically chosen as (8)

S=Cx (8)

C € R is a row vector with compatible size

to the state matrix x € R""' . The objective in
SMC is to force the sliding surface S to zero
through control law. This condition offers order
reduction and the system evolved with n-/
states exhibits insensitivity w.r.t. the matched
uncertainties. The controller designed through
SMC consists of two parts as given in (9).

u:ueq+udis (9)

where u., represents equivalent controller [22]
and ug; is discontinuous part of controller. The
equivalent control input can be obtained by
replacing S=0 along the system dynamics
(9). For the sake of simplicity, assuming

Alx,t|=0, u,, is thus obtained as

u, =67 (2, 0= f (x.1) (10)
ue, drives the system from initial state to sliding
surface and keeps S=0. However, external
disturbances and other uncertainties may cause
S#0 . To handle this effect, uu is designed
using a Lyapunov function (11).

I 2
V==5
: (11)
The time derivative of (11) along (6) will be

=S %%Lfﬁgﬁ+b&,ﬁ

ueq+udiS+A(x,t))))

Putting u., from (10) in above expression, (12)
is obtained.

V=S(b(x,t)u,+A(x,t)) (12)
Substituting u,, =—kSign(S) , (12) becomes,

V=—Sb(x,t)(kSign(s)—A(x,t))
V<=ISllb(x, o)llk—|A(x, 1) (13)

Using the bounded uncertainty condition, (13)
becomes,

V<—I|S||b(x,t)|(k—D)
V=—|Sly

where >0 for all k>D. Since for
ud,-SZ—kSign(S ) , V becomes semi negative-
definite, the system dynamics converges to
origin in finite time. In the present work, each
link of the manipulator represents a second
order system.

The control objective in this research is to
ensure that the robot should track the
predefined trajectory ¢.. To achieve this
objective, sliding surface based on error signal
(e=g,—q) is defined by (14).

S=ée+he+l [ edt (14)

where A and [ are positive constants. The
resulting control input torque following the
design procedure is given by (15).

=M (q)[A(e)+1(e)+g,]
+V(q,q)+G (q)—ksign(S)-CS

The term ¢S has been introduced for strong
reachability. The controlled torque guarantees
the sliding mode and keeps the robot dynamics
on sliding surface S for all future values of
time. Figure 3 depicts step response of base
joint with corresponding torque.

(15)

1.2

T 1

‘E’O.S //
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]

& 0.4
0.2 / —Ref
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% 2 4 6 8 10
Time (sec)
(a) Step response
[ [
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(b) Corresponding torque

Figure 3. Tracking performance of base joint
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Chattering is also visible in torque which is
caused by discontinuous controller. Ramp and
sinusoidal responses of elbow joint and wrist
joints are illustrated in Figure 4(a) and (b)
respectively. It can be observed that the control
law is capable of tracking various kinds of
reference trajectories.
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(a) Ramp response of elbow joint
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(b) Sinusoidal response of wrist joint

Figure 4. Tracking performance

3.2 Passivity based control

Passivity is a physical property of many
systems and is related to energy dissipation that
leads towards natural stability. Control laws,
based on passivity property, are thus considered
as energy reshaping and damping injection
algorithms, which are suitable for both
electrical and electromechanical systems. In
manipulators, passivity from input torque to
joint motion always exists and has been useful
for designing passivity based controllers [23].
PBC law for trajectory tracking is given in (16).

=M (q)4,+C(q.4)q,+G(q)+v (16)

where v is introduced for damping purpose and
is given as

v=—K,s (17)

where £, is a positive gain diagonal matrix and
s is sliding surface defined by (18).

s=q—q,=e+le (18)

where e is the error matrix and /1 a positive gain
diagonal matrix. The reference position of the
robotic manipulator ¢, and its derivative are
given by (19) and (20) respectively.

0,=q,— 1] edt (19)
0

qr:.qd_)t'e (20)

where e is its desired position of the
manipulator. The dynamics of robot
manipulator can be reformulated as

Y(q,4)0=M(q)3,+C(q.4)q,+G(q) (1)

where Y(gq,¢] € R""" is a regressor matrix and

e R™' is a p-dimensional constant vector of
the manipulator’s physical parameters.

t=Y(q.q)0—k,s (22)
k,s=t+Y® (23)
where 0=0-06 and

t1=—[M(q)5+C(q,¢)s]. To demonstrate the
passivity of the system, we need to show that
s,e€LiNL, . The error matrix e is continuous
and e=0 as 7->o0. Therefore the error will
asymptotically converge to zero [24].

Step response of shoulder joint with the
corresponding torque is shown in Figure 5. It is
worth observing that even after reaching the
steady state, corresponding torque does not

Position (rad)
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—Actual
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(a) Step response

'
[3,]

)
—

Torque (Nm)
o
\

R
=)
<

)
P

2 4 6 8 10
Time (sec)

(b) Corresponding torque

Figure 5. Tracking performance of shoulder joint
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approach zero due to gravity effect. Tracking
performance of elbow and wrist joints when
respectively subjected to sinusoidal and ramp
inputs respectively, are illustrated in Figure 6.
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(a) Sinusoidal response of elbow joint
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Figure 6. Tracking performance

4. Disturbance Observer Design

The concept of DO based control was first
introduced in 1980s [25]. In this control
strategy, parameter variations, nonlinearities
and friction are all dealt as disturbances along
with the external disturbance that accumulates
at the input channel. An estimator based on
thesystem dynamics is designed to compute the
disturbances thus eliminating requirement of
external sensors. Each joint of the robotic
manipulator can be controlled independently
using this technique.

Dynamics of the robotic manipulator in the
presence of external disturbance is given by
(24).

M(q)q+V(q.q)+g(q)+ f(g)=1+7,

where f (q) represents the friction forces and
7, 1s the disturbance torque. The block diagram
of DO based control for i link of a robotic arm
is shown in Figure 7. Disturbance torque z, is
estimated by designing an observer which takes
system states i.e. position, velocity and
acceleration as input and estimates the torque
T given by (25).

24

t=Mlq|g+Vq.q/+&lq|
This torque is then compared with input torque
to get the disturbance term T, (26), which is
then passed through a low pass filter shown in
the figure. Filter is designed so as to avoid the
singularity issues that can appear in the system
and to smoothen out the high frequency
disturbance terms [26]. The cut-off frequency
of the filter is chosen such that high frequency
noises are rejected but the frequency of
dynamics remains in the filter range.

(25)

(26)
5. Discussion and Results

For simulation purpose, disturbance has been
added at input channel. Figure 8 shows the
torque estimation due to disturbance. DO has
been included in the feedback loop of both
SMC and PBC laws. Figure 9 illustrates the
system behavior in the presence of disturbance.
SMC itself is a robust control technique but its
performance may decrease due to high
frequency and magnitude perturbation forces.
Integration of DO with SMC has improved the
controller ability in terms of robustness as can

Desired smes | T \r Vi _..{
Trajectory PBC 2 Plani i
F 3
Low |7 =X A_ iy 4
g Poss ‘E"_(D‘]_L_L_ Plant *
Filter
Disturbance
Observer

Figure 7. Block diagram of DO based control law
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be seen in Figure 9(a). In case of PBC, the
capability of disturbance rejection has been
increased significantly (Figure 9b) by the
addition of DO. Table 1 illustrates a
quantitative comparison of performance in term
of error.

4
[ H
300 | A
211N l
=2 —A-ctual
— Estimated
“ 2 4 6 8 10

Time (sec)

Figure 8. Disturbance torque estimation through DO
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3 /' A =
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o
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0 —With DOBC
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Figure 9. DO response with (a) SMC (b) PBC

Table 1. Performance comparison in term of error

Control % error (max.)
Techmicne Without With
q DOBC DOBC
SMC 1.8 0
PBC 8.4 08

6. Conclusion

The paper presents a DO based control strategy
to eradicate the disturbances which may affect
the performance of serial-link robotic
manipulator. DO has been used in feedback
loop with both SMC and PBC separately. It has
been shown that the observer approximates the

disturbances in very precise manners and
ensures stability of the system. Although SMC
itself is a robust control technique but the use
of DO further improves its performance by
estimating the unwanted torques acting on the
robot. Hardware implementation of DO on the
actual AUTAREP framework is considered as a
future work.
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