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This article addresses the design and implemenmtatiorobust nonlinear control approaches in
order to obtain the desired trajectory trackingfleiible joint manipulator driven with DC geared tan
The nonlinear control schemes have been dedigmal implemented such that it locally dizads
the closed loop system considering all the stats bounded. The system model has been desireg
Euler-Lagrange approach. Two different approachesda on Sliding Mode Control (SMC) i.e. the
traditional SMC and Integral SMC have been coesad in the present study. To experimentally vadida
the proposed control laws, an electrically-drivangde-link flexible manipulator has been designed a
indigenously fabricated. The designed control aifpns have been developed and experimentally
validated on the custom-developed platform. Thelt®obtained both from MATLAB/Simulink and
experimental platform verifies the performancehef proposed control algorithms.
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0 INTRODUCTION of controllers for flexible joint manipulators is
extensive. However, incorporating actuator
The domain of robotics has recently drawn dynamics in the modern control of end effector’s
significant attention in scientific community [1f position of a flexible joint manipulator is still a
industrial applications, trajectory tracking comtro motivating problem in robotics community [6].
[2] of flexible joint manipulators has received Some methodologies are reported to control the
considerable attention in the last two decades.manipulator without taking into account the
Accurate end effector’s position through reliable dynamics of the actuator. Examples include
control approaches is critical for high-performance feedback linearization method [7], the singular
robotic applications accomplishing dangerous and perturbation approach [8], the integral manifold
tedious jobs [3]. Thus, a robotic manipulator is control [9], the passivity approach [10], the
designed in a way to increase stiffness, in order t Proportional Derivative (PD) control approach [7]
reduce undesirable oscillations of the end effector and the adaptive sliding mode technique [11]. The
to track desired position. The stiffness can be major limitation, which exists in the above
achieved by using heavy materials, which may mentioned research works is that, these schemes
increase power consumption and decrease speed adissumed torque as an input to the rigid link.
operation [4]. The basic approach to maximize However, it is highlighted in [4], that in electro-
operational speed and minimize power mechanical system, the actuator dynamics are of
consumption is to use lightweight flexible joint great importance, especially in a case in which a
manipulator, however, subject to improving system has to deal with varying loads. Ailon and
performance in endpoint tracking. Lozano proposed an iterative control law to
In [5], it has been emphasized, that joint regulate the set-point of a flexible robotic system
flexibility and actuator dynamics should be which is driven electrically and is subjected to
considered while modeling as well as designing model uncertainty [12]. Another research reported
appropriate control law so as to achieve high in [13] presents a controller based on adaptation
performance. The literature focused on the designlaw for a flexible joint robot to improve the
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trajectory tracking in the presence of time varying Link

uncertainty in the system’s parameters. Traditional | 2 mgmae”t of ! 1| kg.m?
backstepping approach has been applied Motor shaft

successfully to solve the control problem of robots | 19 | inertia % 03 | kg.m?
with flexible joints [14-16]. However, in these 11 | Armature L 001 | H
schemes, the torque is assumed to be directly! inductance i

applied to the links of the robot. In [16], a robus o .
control law based on backstepping technique for ~ Theflexibility in jointis modeled as a linear
tracking trajectory of manipulators has been torsional spring [16]. Using Euler Lagrange
proposed, where only armature current and link €guation, the equations of motion for an electro-
position are measured for feedback purpose.Mechanical system can be derived. The total
Despite these efforts [14-16], most of the reported Kinetic Energy (K.E) and total Potential Energy
backstepping techniques suffer from two (P-E)canbe writtenas in (1) and (2):

limitations; The first one is that the systems unde 1., 1 .,
consideration did not have time varying parametric K.E=5]di" + 5202 @
uncertainties. The second limitation is relatechwit 1

the level of complexity resulting by iterative P.E = mgd(1 — cosqy) + Ek(ql —q,)? )

differentiations of nonlinear virtual functions and
thus leading to a complex and computationally whereq, andq, are angular positions of the link
expensive algorithm. and the motor shaft respectively, whjleand],

In the present article, the problem of robust are coefficients corresponding to link and motor
control law design for accurate trajectory tracking inertia respectively. The Lagrange equation is,
of flexible joint manipulator is addressed by
considering actuator dynamics, joint flexibility
and viscous friction into account. Owing to ysing (1) and (2), (3) can be written as,
computational  simplicity and ease in
implementation, the nonlinear law has been L=%/1 q'1+%]2 q'z—mgd(l—cosql)+%k(q1—qz)z (4)
realized on custom developed hardware. The
Control input |e Output Of the Controller iS ftﬂj Lagrangian equations of motion w.r.t.
the plant i.e. the DC motor and the flexible joint.  motor and link angular position can be written as,

L=K.E-P.E 3)

1 MATHEMATICAL MODELLING 4oL oL _,
dtaq, 0q ®)
To derive the mathematical model of the d 9L 9L .
system, the considered parameters and their values dtoqz  0q2 - Bq; (6)

are listed in Table 1.

- while the torque produced is;
Table 1. Description of System parameters quep

S#| Parameter] Symbol Value Unit T=k @)
1 Link mass m 1 Kg . )
2 | Gears ratio N 1 - where [ is the armature current. Now taking
Armature derivatives of (5) and (6),
3 resistance R 16 Q oL
Joint _ .
4 stiffness k 14 N.m/rad a =/14q;
1
Motor
5 | torque Ke 0.2 N.m/A oL .
constant 00, J2 42 (8)
g | Back emf B 0001 | N.m.s/rad
constant d dL .
Link length d 05 | M dtog, J1d1
8 Gravitational 10 2 L
acceleration 9 m/se ia_L o
atag, = /24> 9)
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oL

Er =—M gd(1 —sin(q1)) — k(g1 —q2)  (10)
oL K )
94, 41— 92

Equations of motion for the mechanical
subsystem are given as;

J141 + mgdsin(q,) + k(g1 — q2)
J2G2 — k(g1 — q2) =1 Bq;

11)
(12)

The flexible joint manipulator consists of

Fig. 1. Schematicidgram of flexible joint
manipulator

The equations of motion of electrically
driven flexible joint manipulator in state space
form are represented below. The state vector

DC gear motor whose equation is derived by contains angular position and angular velocity of

applying Kirchhoff's Voltage Law (KVL),

V=VR+VL+e (13)

whereVy is the voltage across resistéyr,is the
voltage across inductor aredis back Electro
Motive Force (emf) given by,

e = Kpq, (14)

whereK,, is back emf constant. In this system, the
input voltage to DC motor is the excitation input
given as,

di

v=u=RlI+L—+K,q,

7 (15)

where u is motor input voltage. The nonlinear
dynamics of the system can be formulated as,

(16)
17

J1d1 + mgdsin(qy) + k(q: — qz)

J242 — k(g1 — q2) + Bqz = k¢l
Assumption 1: The parameters mentioned in
(17) can be expressed B.) = R, + AR(t),
L(.) =Ly + AL(t), K,(.) = Ko + AK, (2).

Assumption 2: The parameters mentioned in (16)
can be expressed ag,(.) =/, + A, (D),
B(.) = By + AB(t), K;(.) = K, + AK; (t),

Remarks: In these realistic assumptions, the

system parameters are split into a known nominal
value and the unknown part which is considered as

uncertainity. In practical control systems,

parameters may not be unknown completely, their

nominal values are exactly known to us, which is
under consideration in this research.

the link side, angular position and angular velpcit
on the motor side and the motor armature current,

i.e.[Xq1,X2, X3, X4, Xs] = [q1,41,92,d2,1]

x € R®

%= f()+ g as8)
X =X,
X, = —asin(x;) — b(x; — x3)
X3 = X4 (19)

B
X4 =0(x; —x3) — ]—2x4 + dxg

R ky 1
—sz —TX4 +zu

x'5 =
where 0 = (k/J,), b= (k/J,), a = (mgd/],)
andd = (k./J,). Here, angular position of the link
is considered as an output. The system equations
are complex and exhibit highly nonlinear dynamics
thereby highlighting the challenge involved in the
controller design.

2 CONTROLLER DESIGN

The control objective is to accurately
control the position of flexible joint in finitertie
by control laws. The proposed control laws are
based on two robust nonlinear control techniques
i.e. Sliding Mode Control (SMC) and Integral
SMC.

2.1. Sliding Mode Control Technique

SMC is a robust nonlinear control scheme,
having powerful capability to reject disturbances
and plant uncertainties. This control scheme works
on the principle of altering continuously the
configuration of the controller in order to keep th
state variables on the sliding manifold. Due ta thi

Nonlinear Control of a Flexible Joint Robotic Manigor With Experimental Validation
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phenomenon, undesirable chattering occurs. In
mechanical parts, it produces high wear, while in
electric parts, it may cause high heat losses [h7].

SMC, the controller comprises of two phases [18];
One is used to force the system trajectory to
achieve sliding manifold, while second one is used
to drive the states on sliding manifold toward

S = (% + o) le (28)

wheree = x; — x, is the error between the actual
and desired outputs. is the relative degree o f
the systemg is a constant known as design
parameter, i.ec > 0.

desired equilibrium point. Consider a linear system d d

givenin (gO). P Y S= (Gt (Gt oe (29)
£ =At+Bu (20) After expanding (29),

where 4 and B represent coefficients of the S =€+ 4éc + 6éc? + 4éc® + éct (30)

system andg s the state vector. The sliding taying derivative of error variables, we get
manifold for this system can be selected as:

e=x;— Xq

S=cT¢ (21) é=x, — Xy
where ¢ is the sliding mode control design
parameters matrix. Differentiating (21), we get €=x; — %y
S= cTe = cT(AE + Bu) (22) € = —acos(x;) x, + a(x,)?Sin(x,) —

. B .ae
Since,S = 0 during sliding mode, therefore bxz + (0G4 = x3) = (E) X + dxs) + bfy +xq

§=cT(AE+Bu) =0 (23) For the sake of brevity, a symbil is defined as

In SMC, the contr_ol law is a combination W = ctx, + 4¢3%, + 6¢2%, +
of two types of control given by, 4c(—a Cos(xy)x, + ax? Sin(x;) + ab Sin(x,) +
bB
U= Upq + Ugis (24) b?(xy — x3) + bO(xy — x3) — 5, Xt bdxs) —
. . a Cos(xq)xy + axyx, Sin(xq) +
wherey,, is the equivalent controller used to 2ax2;(c'215)in2(x1) +2a§62360(s(;)1) +
control thesystem states during sliding phase. abx, Cos(x;) + b2(x, — x4) + b0 (x; — x4) —
Eq. (22) is solved to obtain the equivalent control (2) (00, —x3)) — x42 +dxs) +
given by, 2/ " J2
bd ((—R) X5 — ﬂx4) — c*xy — 4c3Hy + 6c%x; —
Ueq = (cTB) 71 (cTA¥) (25) AR L
dexg — Xg
while uy;; represents the switching controller that

ensures the system stability. Substituting and taking derivative &f

. 1
Ugis = —kysign S — kS (26) S=w+ deu (31)

where k, >0 and k, >0 are the design

parameters and The control Lawu thus obtained is,

1forS>0 u= (%) (=W — k.Sign(S) — k,S) (32)

Sign(s) = {—1 forS<0
. _ The designed control law, when subjected
Substituting (25) and (26) in (24), to system for tracking purpose, resulted in
u = (=kysign S —k, S - (cTAD)(cTB)T  (27) undesirable chattering in the control input. For
stability analysis, Lapanov function is defined as

This is the control law which is required  in (33) with its time derivative given in (34).
for driving system’s initial states to equilibrium

point in a finite time. The proposed control method V= lsz (33)
is now applied to a flexible joint manipulator. The 2
sliding surface selected for the system is: V =s$ (34)
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Substituting (31) in (34), we get, Taking derivative of error variables,
V =S{W + bd(1/L)u} (35) e=x —xg
Putting values in (35), €=1x;— Xq
V = —ky|S| —ky)SI? (36) ¢=%— X

o o €= —a Cos(x1)X; — bx; + bxs — %

Eg. (36) indicates that the derivative of . . pe .
Lapanov function is definite, which means that the € = —aC0s(x)X; + ax;Sin(x;) — bx; +
system is asymptotically stable as long adbo (0(x1 Cx) =2y, dxs) +bf, — %

k, andk, > 0. Steady state error can be calculated Iz
by taking Laplace transform of (30). ) .
For the sake of brevity, defining a symlepi.e.

s3 + 4cs? + 6¢2s + 4¢3

E(s) = s* +4cs3 + 60252 + 4sc® + ¢t Q :2059 +5c%¢ + 10C°(x; — %) +...
where the inverse Laplace transform is 10c*(—aCos(x1)x; — bxy + bx, — X3 ) +
2prguet gt 56(—a6:?s(x1)x2 + ax2Sin(x;) — bx, +
e(t) = e(0){e + > t——  t cte  (37) bx, — x'd) —a Cos(xy)x; + ax,x%,Sin(x,) +

2ax,%,Sin(x;) + ax3Cos (x;) — bx, +

The designed control input drives the bB B
bO(x; — x4) — E(O(xl —X3) — Xt

steady state errar(t) to the sliding surfacé =

0 asymptotically ie lime(r)=0 with dxs) + bd (%xs _ kL_bx4) — Xmr?
convergence rate given by (37) and remains there _ . o
subject to positive gains of the controller [19]. Putting the values and taking derivative of
sliding surface, we obtain
2.2. Integral Sliding M ode Control Technique bd
To overcome the major drawbacks §=Q+—u (40)

. . L
encountered in conventional SMC approach, the

Integral term can be included in SMC. The main The control lawu thus obtained is,

idea behind ISMC is high frequency switching L

gain, which is designed to force the state to aghie u = 3= (=Q = kiSign(s) = kz5) (41)

the integral sliding surface. Then, the integral - ) o
action in the sliding manifold drives the states to For stability analysis, the Lapanov function is
the desired equilibrium point. It is an efficient 9iven by

control techniqgue used to overcome several 1

problems encountered in SMC approach such as V= 552 (42)
high frequency chattering effect and its o o

insensitivity property. It mitigates chattering and Taking time derivative of (42)
improves robustness and accuracy of the control V=g 43)

system while guaranteeing the nominal control o
performance. The dynamics of flexible joint Substituting (40),
manipulator is explained in (19). The sliding

manifold selected for the system is 7= S{Q + ﬂu} (44)
n
s = fe (C + a) (38) After putting values,
wheree = x, — x, is the error between the actual V= —kyls| — kzs® (45)
and desired outputs. is the relative degree of ISMC ensures asymptotic stability in finite

the systemc is a constantknown as design time. The steady state error between the desired
parameter, i.ec > 0. After expanding, we take,  and the actual trajectory is calculated by

considering integral sliding manifold as
s= fecs + 5c*e + 10c3e (39)

Nonlinear Control of a Flexible Joint Robotic Manigor With Experimental Validation
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s fcse + Scte + 5 4 506+ 10¢28 + 10c%e joint p_osition independent of tne motor’s_position.
Real-time control implementation is carried out in
LabVIEW connected with external hardware using
MyRi0-1900 data acquisition device. Two types of
trajectories are tested for tracking purpose; step

Assuming the conditionS =0 and by
taking the Laplace transform,

E(s) and sinusoidal. Simulation and experimental
B 10c3s 4+ 10c?s? + 5¢s3 + s* results corresponding to both types of input are
" |c5 + 5c*s +10c3s2 + 10c2s3 + 5¢cs5* + 55 presented and discussed below:
Now taking inverse Laplace transform, 3.1. Step Tracking Using SMC and ISMC Laws
_ et A In this case, the desired trajectory is a
e(t) = e(0)e {1 LECRR 6 (46) constant value function. It has been observed that
ct} nr? SMC produces undesirable chattering phenomena

Equation (46) indicates the steady state error with in control input, which can make the system
its convergence rate, which means that it unstable at any time. The designed control law,

approaches to zero in finite time ilem e(t) = 0 when subjected to system for tracking purpose,
tmeo practically affects system’s mechanical and
3 SIMULATION AND EXPERIMENTAL electric parts. This adverse phenomenon can be

eliminated using ISMC.

Fig. 3 presents simulation results where the
designed control law is tracking a unit step
function of 60° amplitude. The angular position
shown in the figure is basically position of the
flexible joint. As evident from the results that
response of ISMC is better than SMC in terms of
steady state error. However, the transient response
of SMC shows good compliance with reference to
the input.

RESULTS

The performance and effectiveness of the
designed controllers for desired tracking
performance of flexible joint manipulators are
verified through results gathered from simulation
carried out in MATLAB/Simulink and custom
developed platform. The setup is a single-link
flexible joint manipulator shown in Fig. 2.

Desired Position
-=-Actual Position (SMC;
- - -Actual Position (ISMC)

(a) (b) T e & O
Fig. 2.Custom developed experimental setup: Fig. 3.Responses of step tracking in simulation
(a) CAD model (b) Fabricated prototype by control laws based on SMC and ISMC

Fig. 4 shows the control input applied to the
in such pattern that link is connected to a motor system in simulation. As clear from the resultg tha
shaft through the sheet by two torsional springs. €ONtrol input  has  undesirable chattering
The actuator is a 24V DC gear motor, actuated Ph€nomenon in case of SMC, which can be
with Pulse Width Modulated (PWM,) signal, which harmful for electrical and mechanical parts of the
converts the control effort into amplified voltage SYSt€M- _

using H-Bridge L298 and MyRio-1900 controller Fig. 5 presents results obtained from
kit. DC gear motor drives the aluminum plate expenmental p!a_tform forFrackmg perf_ormance of
directly. Two quadrature encoders provide the flexible joint manipulator using SMC
feedbacks of the angular positions corresponding @PProach. The control input used for tracking
to the motor and the link. The rotary encoder is PU'POSe is also shown in the form of percentage of

attached to the flexible joint so as to provide the WM signal applied to the motor. The results

The joint consists of aluminum sheet tilted
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clearly show that with SMC approach, flexible

joint manipulator can reasonably track the desired
trajectory, however, at the expense of undesirable

chattering in the control input.

10

N

"

s

ANAAAANAAANAAN
VYVVVN YUYV VY

Il

Control Input (voltage)

—SMC
---=ISMC
20

-10
o 5 10
Time (sec)

Fig. 4. Simulation results for the control input
applied to SMC and ISMC (Step references)

15

80-
70- Actual [

50 - Desired <"~ |
50-
0.
30-

20-

10-

0 v T 1 T

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Time (sec)

Angular Position (Degree]

7 18 19 20

30-

Control Input {PWA)
o

0 1 2 3 4 5 & 7 8 9 10 11 12 13 14 15 16
Time (seq)

Fig. 5.Experimental results of trajectory
tracking and the control effort using SMC

7 18 19 20

Fig. 6 shows tracking error between actual
trajectory and desired trajectory in case of SMC.
The control law drives the steady state error to ze
within 5 sec.

50-
50-
40-
30-
20-
10-
0-
-10

Error {Degree)

0 1 2 3 4 5 6 7 B 9 10 11 12 13 14 15 16 17 18 1% 20
Time (seq)

Fig. 6.Experimental results of steady state
error using SMC

Fig. 7 shows experimental results of ISMC

Besired [\ 1
Desired [

0 01 2 3 4 5 6 7 B 9 10 11 12 13 14 15 16 17 18 19 20
Time (seq)

5 6 7 B 9 10 11 12 13 18 15 16 17 18 19 20
Time (seg)

Fig. 7.Experimental results of the trajectory
tracking and the control effort using ISMC

0 1 2 3 2

Fig. 8 shows trajectory tracking error
between the actual and the desired positions, which
is very small when compared to SMC (see Fig. 6).

70
60~
50-
a0-
30-
20-
10-

Error (Degree)

B S e S S o S M A S R e
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Time fsec)

Fig. 8.Experimental results of Steady state
error using ISMC

3.2. Sinusoidal Input Tracking using SMC and
ISMC

In this case, the desired trajectory is time-
dependent sinusoidal function. The amplitude of
the desired trajectory is taken as 60° with a
frequency set to as low as 0.0048Hz for smooth
tracking. In case of ISMC, results collected both
from simulation and experimental platform reflect
that chattering is reduced due to the continuous
control action while preserving robustness and
accuracy of the controller to high degree. This
observation is in consistent with the theoretical
advantage of ISMC over the traditional SMC
approach.

Fig. 9 presents simulation results where
sinusoidal signal representing the angular position
of the flexible joint manipulator serves as the
reference for trajectory tracking. Results
demonstrate that both the control laws exhibit
good settling time and zero steady state error.

Fig. 10 shows simulated control input used

based law where the tracking performance of tO drive flexible joint manipulator in order to tla

flexible joint manipulator and the control inpuear

the desired trajectory. As is clearly evident from

presented. The results clearly show that using the figure that, in case of SMC, the control input

ISMC approach, the manipulator tracked the
desired trajectory with reasonable transient as wel
as steady state performance.

has undesirable chattering phenomena, which is an
inherit property of SMC.

Nonlinear Control of a Flexible Joint Robotic Manigor With Experimental Validation
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’g? \‘ /|~ Desired léosmon
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Fig. 9.Simulation results of sinusoidal input
tracking for SMC and ISMC

10

Control Input (voltage)

-10
o

10 20 30

Tim}: (scc)
Fig. 10.Simulation results for the control input
applied to SMC and ISMC (Sine reference)

40 50 60

Fig. 11 illustrates desired trajectory

tracking of flexible joint manipulator obtained
through experimental platform using SMC. This
figure shows tracking performance of the
manipulator in real time along with control input,
which was used for the said purpose. These results s =-

30

confirm adequate tracking performance at the
expense of undesirable chattering in the control
input as observed in simulation (see Fig. 10).

sition (Degree)

e s Bt S S S sy S S S B o A
0 2 4 6 810121216 18 20 22 24 25 28 30 52 34 35 3840 42 44 46 48 50 52 53 56 58 60
Time (seq

Control Input {%PWH)

O T SO T SO At I SR
0 2 4 6 810121416 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60
Time (sed)

Fig. 11.Experimental results of trajectory
tracking and control effort using SMC

Fig. 12 shows error in tracking between
the actual trajectory and the desired trajectory
when the manipulator is subjected to SMC
approach in real time.

Error (Degree)

A= e e T A i
0 2 4 6 B 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 4B 50 52 54 56 58 6O
Time (sec)

Fig. 12.Experimental result of steady state
error using SMC

Fig. 13 presents experimental results of
desired trajectory tracking of the manipulator
based on ISMC law. The control input used by
system for tracking purpose is also shown. Over
performance of ISMC over SMC in terms of
tracking performance is obvious while comparing
Fig. 11 and Fig. 13. Also, ISMC offers negligible
steady state error between the actual trajectaty an
the reference trajectory as depicted in Fig. 14.

Angular Position (Degree)

0 2 4 5 B 10121215 18 20 22 24 75 28 30 32 34 36 384D 42 44 46 48 5 52 54 56 58 60
Time (seq)

trol Input (%PW)

T Sttt T Tt FO S B S )
0 2 4 6 810121416 1820 22 24 26 28 30 32 34 36 3840 42 44 46 48 50 52 54 56 58 60
Time fseq)

Fig. 13.Experimental results of trajectory
tracking and control effort using ISMC

Error (Degree)

e LT O O S SO Y SO
0 2 4 5 8 1012 14 16 18 20 22 24 26 38 30 32 34 35 38 40 47 44 46 48 50 52 54 56 58 60
Time (seq)

Fig. 14.Experimental results of steady state
error using ISMC

4 CONCLUSION

This research addresses the behavior of
flexible joint manipulator including actuator
dynamic for nonlinear control approaches. The
model of the manipulator has been derived using
Euler-Lagrange method, which is then used to
study the effectiveness of the nonlinear control
techniques for tracking performance. The
nonlinear approaches under study include MSC
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and ISMC. Simulation has been conducted in

MATLAB/Simulink

while experimental

validation of the designed control law has been [7]
carried out on a custom developed platform
consisting of single link flexible joint manipulato

SMC approach resulted in chattering phenomena
both in simulation and experimental results. This
problem was eliminated by devising a control law
based on ISMC, which also reduces steady state[8]
error. Experimental results obtained in the present
research can find enormous potential in application
domains involving flexible robotic manipulators
including but not limited to; medical, space and
industrial automation. [9]
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