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Abstract—In this paper, a multi-model based hybrid dliding
mode control (HSMC) system is proposed for trajectory tracking
control problem of robotic systems. Theidea of introducing multi-
model/controller based HSMC design is to reduce the level of
parametric uncertainty in order to reduce the controller gains
that reduces the control effort. The key idea is to allow the
parameter estimate of classical siding mode control (SMC)design
to be reset into a model that best approximates the plant
among a finite set of candidate models. For this purpose, we
uniformly distribute the compact set of unknown parameters
into a finite number of smaller compact subsets. Then we design
a family of candidate controllers for each of these smaller
subsets. The derivative of the Lyapunov function candidate is
used as a resetting criterion to identify a candidate model that
closely approximates the plant at each instant of time. The
proposed method is evaluated on a 2-DOF robot manipulator
to demonstrate the effectiveness of the theoretical development.

|. INTRODUCTION

The single model (SM) classical sliding mode control for
robotic systems has been extensively studied by many re-
searchers, (see[1-13], to nameafew). Classical SMCis a pow-
erful approach for uncertain nonlinear system. To ensure the
closed-loop stability under SMC scheme, the design, however,
demands very large control gain. The crucial practical problem
is that the control gain has to increase with the increase of
the parametric uncertainty in order to achieve good transient
tracking performance. The well-known problem of having high
control gain isthat it amplifiestheinput and output disturbance
causing high-frequency chattering and infinitely fast switching
control phenomenon. As a consequence, the existing design
might not be practicaly implementable or might be very
expensive as, in practice, the control effort in most nonlinear
control systems are limited. If applicable, then high controller
gain may excite unmodeled high-frequency dynamics as well
as amplify disturbance associated with the input and output
resulting poor tracking performance. To reduce the control
gains, we introduce multi-model based HSMC scheme for
robust tracking control for robotic systems. The idea of this
approach is to extend the classical SM-based SMC approach
by allowing the parameter estimate to be changed into a
family of candidate parameters model. First, we propose a
pre-routed switching-logic technique, where an inequality for
the derivative of the Lyapunov function is used as a resetting
criterion. Resultsin this direction for single-input single-output
(SISO) systems can be found [17]-[19] and references therein.
It shows that the pre-routed switching nature may cause an
undesirable transient tracking in the presence of large number
of candidate controllers. Thisis mainly because if the number

of candidate controllers become large then the switching has to
travel through a large number of candidate controllers before
converging to the candidate that guarantees the resetting condi-
tion. To improve the transient tracking performance in the pre-
routed switching-logic, we allow the parameter estimates to be
reset instantaneously so that the control system can improve
overall tracking performance. This idea can be described as
follows. First, we subdivide the compact set of uncertain pa-
rameters into a smaller compact subsets, and construct afamily
of candidate controllers corresponding to each of these smaller
parameter subsets. Then, at each instant of time, we compare
candidate controllers to see which control generates largest
guaranteed decrease in the value of the Lyapunov inequality.
If the controller that currently acting in the loop sdtisfies the
Lyapunov inequality (pre-specified resetting inequality) then
we keep it otherwise switch to the controller corresponding to
the candidate model that best approximates the plant.

The rest of the paper is organized as follows: In section |1,
we formulate the problem associated with the SM-based SMC
approach that motivates this works. In section 111, multi-model
based HSMC design is introduced to improve the transient
tracking response as well as to reduce the control chattering
phenomenon from classical SMC approach. This section 1V
presents implementation results to demonstrate the theoretical
development of this paper. Finally, section V concludes the

paper.

Il. CLASSICAL SMC DESIGN

In this section, we illustrate the problem associated with
the SM-based classical SMC approach. For this purpose, we
analyze the stability property of the classica SMC design for
an n-link rigid robot manipulators [14]-[15]. The error-state
space model of this system dynamics can be written as

)

where e1 = ¢ — qa, e2 = ¢ — qa, ¢1(e,qa,4a) =
—M~1(q) [C(g,4)q + G(q)], ¢2(er,9a) = M (q), ¢ € R"
isthejoint position vector, 7 € R™ istheinput torque, M (q) €
R™*™ is the symmetric and uniformly positive definite inertia
matrix, C(q,¢)¢ € R™ is the coriolis and centrifugal loading
vector, and G(q) € R" is the gravitational loading vector. Let
us define the reference state as ¢, = gq — Aeir, where \ =
diag[\i, Mg, ......, Ay] With positive constants Ay, Ag,....\n.
Then, we define the diding surface S = e5 + Aey. The control
objective is to drive the joint position ¢(¢) to the desired
position g4(t). This objective can be achieved via selecting
an input 7 such that the dliding surface satisfies the sufficient

condition as 1452 < —;|S;| [4] and [11], where n; is a

é1 = e, 2 = ¢1(e, qa, 4a) + ¢2(€1,9a)T — Ga
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positive constant. This condition implies that the energy of
S will be decaying as long as S # 0. To obtain the control
objective, we consider the following control law for the robot
system (1)

7(e, Qa, 0) = M(q)iir + C(q, d)ir + G(g) — KS — Ksgn(S)

@)

where G, = {a — Xea, M, G and C are the estimate
of M, G and C, K = diag[K1,Ka,......, Ko, K =
diag|K1, Ko, ......, Kp) with K, > 0 and K,, > 0. Now
using (1) and (2), we simplify the closed-loop dynamics as
MS + (C + K)S = AB — Ksgn(S), where A = (M —
M), + (C = O)gr + (G — G) = AMi, + ACG, + AG,
where AM = M — M, AC = C —C and AG = G — G.
We now use the following Lyapunov-like function candidate to
establish the convergence condition for the closed-loop model

©)

where M is symmetric and positive definite matrix. As M
is symmetric and positive definite then V' > 0 for S # 0.
The function V' can be considered as energy indicator for
S. Let us now show that the energy V' decays as long as
S # 0. To do that, we take the derivative (3) along the
closed-loop trajectory and then use the property 2 of [16] to
obtain V as V = —STKS =377, (S [Kisgn(|Si]) — ABi).
From V, we can see that V < 0 holds only if
S (Si [Kisgn(]Si|) — |ABi]]) > 0. This can only be
shown when K; > |ABi|mae With upper bound |AB;|ma. that
satisfies |ABilmaz > |ABi]. 1T S; > 0 and K; > |ABimazs
then we have AS; — K;sgn(|S;|) = AB: + K; < 0. This
implies that S; [AB; — K;isgn(|S;|)] < 0. Similarly, if S; <0
and K; > |ABi|mae then we can write AS; — K;sgn(]S;|) =
Hence Y7, [S; (AB; — Kisgn(|S;i]))] < 0. As K is a pos-
itive definite matrix then first term of V can be written as
—STKS < 0. Based on our above analysis, we can write V as
V=" (S [AB — Kisgn(|Si])]) — STKS < —STKS <
0. Then eguation (3) can be viewed as an energy indicator
for S. This implies the decay of the energy of S as long
as S # 0. Thus, the sufficient condition 2 5 1sz2 < —n;|Sq is
satisfied. To reduce the control chattering activity, we estimate
the switching function sgn(.) by using a smooth bounded
saturation function sat(.).

The level of uncertainty in classical SMC design can be
reduced by adding an adaptation term. For this purpose, we
propose to introduce an estimation law to develop an adaptive
diding mode control (ASMC) agorithm as 7(e, Qq,0) =
Y(e, dr )0 — KS — Ksat (S> with § = —TY7 (e, Gy, 4,)S,

V= %STMS

2
whereY (e, 4, 4-)0 = M(q)§-+C (q,4)d-+G(q) [15], 0 isthe
estimate of the robot dynamics and its operating environments
such as link masses and payloads, I' = diag[I'1,To, ...... Tl
with constant diagonal elements I',, > 0 and Y (e, ¢, Gr)
is the regressor matrix. The parameter estimates 6 can be
adjusted with the smooth parameter projection mechanism [20]
as 0; = [Proj(0,¥)]; for 0 € @ = {0 ] a; < 6; <b;},1<
i < p}, where ¥, is the i-the element of the column vector

~YT(e,qr, Gr)S, i is the i the element of ' and § > 0
is chosen such that Q@ C Q5 with Q5 = {6 | a; — § <
0; <b;+0},1<i<p}. Theidea of introducing projection
mechanism is to ensure that §(¢) remains bounded on the set
Qs for al t > 0. Then, the closed-loop error model can be
written as M5 = Y (e, v, §)0 — (C+K)S — Ksat (5 ). The
proposed adaptive control law is designed by using the control
Lyapunov function as V (e, ) = 357 MS + 3616, where
6 = (§ — 6). Using the property 2 of [16], the time derivative
V' along the closed-loop error trajectories can be simplified as
V(e 0) < —Amin (K)||S]> = K|[S]| < 0 Ve € e, V6(0) € £,
v0(0) € Q and 6(t) € Qs.

A. Motivating example

In this subsection, we examine the developed Lyapunov
stability condition for classica SMC scheme. More specifi-
cally, our interest is to investigate the effect of the parametric
uncertainty on the control gain as well as on the control system
performance. To begin with this analysis, we first consider
that we know the uncertain parameter 6. Then the controller
is a simple feedback-linearizing regulator as 7(e, Qq,0) =
M(q)gr + Clg,d)¢r + G(g) — KS — K with positive
constant K and ¢. The origin of the closed-loop system under
this control law can be shown globally exponentialy stable
provided that the value of positive constant K and ¢ are chosen
via using well known pole-placement technique. Now, if we
consider that parameter 6, representing the manipulator dy-
namics and its payloads, is unknown then we can estimate the
parameter 6 of 6. Then, the continuous diding mode control
can be written as (e, Qa, 8) = M(q)jr + C(q, 4)dr + G(q) —

KS— K sat <%> where sat(.) is a bounded saturation function
—lify< -1

that satisfies sat (y) = { y if Jy| < 1. Itis intuitively clear
1 ify>1

that if |Ag;| is small then |K;| is smal and if |Ag;] is large
then |K;| islarge. But, if |AB;| ~ 0, that is, (6 — ) ~ 0 with
|S] < ¢ then this control law can recover the performance
achieve under the control law 7(e, Qq,6). However, in the
face of large parametric uncertainties, the design demands very
large values of K and 1 to meet the desired tracking objective.
To illustrate that, let us now consider a 2-link robotic system
[16]. The dynamic equations for this system can be defined as

{mn m12} {(h} n {011 612} {Ch} _ {7’1}
mo1 M2z | | g2 C21C22 | [ Q2 T2
with my; = (91 + 269 + 205 cos QQ), mio = (92 + 65 cos QQ),
ma1 = (02 + O2cosq2), mas = Ba, c11 = —2¢2bssingo,
c12 = —qoblasings, ca1 = q1028inqa, c22 = 0, 01 = m1l21
6> = mol? and [ is the link lengths and m; and m, are the
masses of link 1 and link 2, respectively,. The mass of the link
1 and link 2 assumed to be changed when the manipulator
tracks the desired task with various payloads. Let us now
generate the reference trajectory, ¢q4(t), for the given robot
model to follow, a square wave with a period of 8 seconds
and an amplitude of +1 radiansis pre filtered with a critically
damped 2nd-order linear filter using a bandwidth of w,, = 2.0

4
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rad/sec. The parameter § € R2 is assumed to be unknown but
belongs to a known set as 6 € 2 = [—10, 10]. Let us define
the initial values of the position and velocity error vectors as
le(0)| = 2. We now define the value of A as \; = Ay = 2.
Thevalue of K and ¢ can be chosen to ensure that the closed-
loop trajectories converge to an invariant set where |S| < ¢.
This implies to guarantee K > |AfS|mae With AG = 0
as given system operating in the horizontal plane. We now
show convergence property of the closed loop trajectory that
satisfies the Lyapunov-stability property as V + oV < 0 with
o= % To show V + oV < 0, the value of K and ¢
are required to meet the inequality as % > 771.1321 with
Q, C {S(0)TM(0)S(0) < 3357.2}. If |S| > ¢ then the
control gain K has to satisfy the inequality as K > 771.1321.
Notice that if we consider that there is no uncertainty, that is,
|61 — 61| = 0 and |6y — 65| = 0, then one has |AJ3| = 0. This
implies K = 0 and V < —goV. This means that the design
requires to satisfy less conservative condition. The value of the
feedback controller gain K and A can be chosen such that they
ensures an acceptable transient as well as steady state tracking
performance of the closed loop system [21]. Note that the
value of £ will increase with the increase of the parametric
uncertainty AS;. However, small value of ¢ and high value for
the discontinuous gain K resulting poor tracking performance
in the presence of high-frequency unmodeled dynamics as well
as the input and output disturbance. To reduce control gains,
we introduce an alternative method in the following section
that allows the designer to keep smaller value of K and higher
value of ¢.

I11. HYBRID SLIDING MODE CONTROL

We have examined the stability property of the classica
SMC technique on robotic manipulators. It shows that the
control gain increases with the increase of the parametric
uncertainity in order to achieve good transient tracking perfor-
mance. The main reason for showing poor transient tracking
behavior is because of the assumption that the nonlinear
functionsto be linearly parameterized with respect to unknown
parameters. To improve the transient tracking performance,
one may increase the controller gains. The problem, however,
is that the high-control gain require to increase with the
increase of the parametric uncertainty resulting very large
control effort. In particular, when the level of uncertainty is
large, three parameters of the observer-controller (I', K and
%) require to be very high to ensure good transient tracking
performance. However, the use of high-gain is not a practical
solution as high gain causes the control system to deteriorate
as it increases the steady-state noise sensitivity causing control
chattering activity. In practice, such alarge control effort based
design may not be realizable as control inputsin most practical
system designs are restricted. To reduce the control gain, we
introduce multi-model based SMC technique that allows the
designer to keep smaller value of T' and K and higher value of
¢. The main goa of thisidea is to reduce the level of uncer-
tainty via resetting the parameter estimate of classica SMC
into a model which best approximates the plant at each instant
of time. This implies to identify a control vector, (e, Q4,9),

corresponding to a model 6 that closely approximates the
parameters of the manipulator and its loads that operating
in the workspace. To choose most closest possible model
from a family of candidates, we introduce on-line estimation
of the derivative of the Lyapunov-function candidate. The
proposed idea can be designed as follows. We first consider
that the unknown plant parameters, 6, belongs to a known
but comparatively large compact set 2, where 6 denotes the
inertial parameters of the robot arms and its load operating in
the work space. Then, we equaly distribute the parameter set
Q into a finite number of smaller compact subsets such that
6, € Q; with @ = JY,Q, and 0 € ;. Then, for a given
compact set of the initial condition of interest e(0) € Q,, we
design aHSMC, bounded in e via saturating outside the region

. 0.502M 0.5AM
of interest Q2. where Q. = 057 05M

] corresponds to
each of these smaller parameter subsets as

e, Qa, 0;) =Y (e, ¢r, 4r)0; — KS — K;sat (5) (5)
with (6, 6;) € Q;, such that for every 6 € Q; al the signals
in the closed-loop system under (5) started inside the sets .,
are bounded and the output tracking error trajectories converge
to zero. The value of A\ and constant diagonal elements of
the positive definite matrices K are chosen in such a way
that they ensures an acceptable transient performance of the
closed-loop system, The discontinuous control gains K; and
% are selected such that (,6;) € Q;. The control term S
is common to al the N candidate controllers. The regressors
model Y (e, ¢, ¢-) [15] is also common to all the candidate
controllers.

The distribution of the model sets (2 is based on a priori
known bound of the robot dynamics and its operating environ-
ments. We consider nominal parameter model for each smaller
compact subsets, €);,. The parameter sets can aso be split into
non-uniform and non-overlapping regions as long as it covers
the entire parameter space. However, for non-overlapping and
non-uniform case, one requires to use strict assumption such
that there exists a single model that guarantees asymptotic
tracking property. Our main focus is now how to identify a
suitable model/control pair, 7(e, Qq,6), from a finite set of
candidate pairs, 7(e, Q4,6;),. To supervise which candidate
model will be used to generate the final control vector, alogic
is required to devlop in such a way which guarantees that
al the signals in the closed-loop systems are bounded, and
the error trajectories converge to zero. We consider that there
exists a small time constant, say ¢4, such that the solution
of the closed loop system is well defined. The candidate
controllers are saturated outside of the region of interest Q.
to protect the plant from switching affect.

First, we introduce a pre-routed switching-logic to identify
a controller corresponding to the parameter model 6;x, with
i = ix and ix € M(ix), from a finite set of candidate models
using on-line estimation of the Lyapunov-inequality. A pre-
routed logic can be found in [17]-[19] for a class of SISO
systems, where a quadratic performance index based model
identification errors is employed as a resetting condition. The
logic that we proposed in Algorithm 1 is based on using
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Fig. 1. The implementation results with Theorem 1 and Theorem 2 under
6 = 8: Left column is for Theorem 1 and right column is for Theorem 2,
where a: output tracking errors (radians) (red) for joint 1, b: output tracking
errors (radians) (red) for joint 2, ¢: control input for joint 1, d: control input
for joint 2.

the inequality for the derivative of the Lyapunov-function
candidate.

Algorithm 1. Suppose that the controller index i € M is
acting in the loop at time ¢. Then we follow the following pre-
routed switching-logic to identify a controller that satisfies the
pre-specified Lyapunov inequality

o A. Assuming that the initial time ¢, = 0, controller index
i e M={1,23,...,N} and a dwell time constant
tqg > to.

« B. Then, we put the classical SVIC scheme, (e, Q4 6),
in the loop and dwell it for a short period of time ¢ €
[tos to + ta)-

o C. For t > t, + tq, we check the pre-specified resetting
inequality using with the derivative of the Lyapunov-
function candidate V(¢) < 0. If the inequality satis-
fies then we keep this classical SMC controller in the
loop. If not then we put the first candidate controller,
Ti(e, Qa, 0;), with i = 1.

o D. We again dwell this controller for small time ¢4 and
monitor the inequality for derivative of the Lyapunov
function to see whether or not the function decreasing
sufficiently fast to switch to the next candidate con-
troller. If the controller does not satisfy the inequality
then we switch again to the next candidate controller,
7i(e, Qq,0;), with i = 2. \e repeat the search until
we find a controller that satisfies the derivative of the
Lyapunov inequality.

Based on our above analysis, let us state our main results

in the following Theorem 1.

Theorem 1 : Consider the closed loop system formulated
by (1) and (5) under the switching-logic defined by Algorithm
1. Then there exists a time such that the controller according
to the logic stated in Algorithm 1 is tuned to the plant that
ensures V() < 0. Then, the sliding mode control system with
the estimator resetting condition ensures that all the signals

in the closed-loop system are bounded and tracking errors
converge to zero.

As the parameter sets 2; overlap then the candidate control
that satisfies the resetting condition does not require to be
unique.

Proof: The proof of Theorem 1 can be shown aong the line
of the switching-logic defined in Algorithm 1. Due to space
limitation, we remove the details proof of Theorem 1.

The problem with the pre-routed supervisory logic is that
when the number of candidate controllers become large then
the long switching search may produce unacceptable transient
tracking performance. This is mainly because, in the presence
of large number of candidate controllers, the switching has to
travel through a large number of candidate controllers before
converging to the one that satisfies the Lyapunov inequality. In
addition, if the parameter changes after switching events due to
fault then the logic stated in Algorithm 1 will be insensitive to
the parameter change which may result large transient tracking
performance.

To avoid an unacceptable transient tracking from pre-routed

switching-logic, we now alow the parameter estimates to
be reset instantaneously using with the following switching
Algorithm 2.
Algorithm 2: Suppose that the controllers ¢ € M =
{1,2,3,.....,N} and the resetting inequality are available
at any time. Then, we follow the following logic to identify
controller corresponding to a model that best approximates
the plant at any instant of time

o A. Assuming that the initial time ¢, = 0, the controller
indexi e M =1{1,2,3,....... , N} and the small positive
dwell time constant ¢4 > t,.

« B. We first apply classical controller 7(e, Qq,6) and
dwell it for some time, ¢ € [to, to + ta].

o C. At t >t,+tq, We check the derivative of the fixed
Lyapunov inequality V(¢) < 0 to see which candidate
controller satisfies the resetting condition. If the classical
controller satisfies the resetting inequality then we stay
with that controller until the moment of time the Lyapunov
inequality violated. But, if the classical SMC controller
does not satisfy the inequality, V(¢) < 0, then, at ¢ >
t, -+ tq, We reset to the candidate controller that satisfies
the resetting condition.

o D. If the resetting inequality V(t) < 0 never violated
then there will not be any switching. Then, the output
trajectory tracks the desired one, ei., ¢(t) — qa(t),.

« E. If at some time, say t; > t, + tq with t, = t;,
tuned controller does not satisfy the resetting criterion
then another candidate that guarantees V() < 0 will be
put into the system as there always exists a guaranteed
minimum value of V(t) at that instant of time.

Theorem 2 : Consider the closed-loop system formulated
by using (1) and control input (5) under the switching-logic
defined in Algorithm 2. Then, there exists a time such that the
classical controller is reset into a family of candidate con-
trollers, 7i(e, Qq, 0;) With i € M, that satisfies the Lyapunov
inequality V() < 0. Then, the closed-loop system under SMC
along with the estimator resetting condition ensures that all
the signals in the closed-loop system are bounded.
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Fig. 2. The implementation results with Theorem 1 and SM-based SMC
under 6 = 8: Left column is for classical SMC agorithm and right column
is for theorem 2, where a: output tracking errors (radians) (red) for joint 1,
b: output tracking errors (radians) (red) for joint 2, ¢: control input for joint
1, d: control input for joint 2.

Proof: The proof of Theorem 2 has two parts.

In the first part, we show that the parameter estimate is reset
only when the control Lyapunov-function under multi-model
Vi(e, 0;) with §; = (6; — ) is nonincreasing sequence with
respect to i. Then we can conclude that V; (e, 6;) is bounded
when Vj (e, ) with § = (§ — 6) is bounded.

In the second part, we prove that Vj (e, ) is bounded. Due
to space limit, we omit the remaining proof and its available
from the authors.

IV. DESIGN AND IMPLEMENTATION RESULTS

This subsection presents the design and implementation
process of the HSMC strategy on 2-DOF robotic system (4).
To begin with that, we first consider that the plant parameter
6 € R? of (4) belong to a known but comparatively large
compact sets as Q € [-10, 10]. We define the initial states
as le(0)] < 2, [6(0)] < 2 and 6(0) = 0. Then we split
the parameter set Q) equally into a finite number of smaller
compact subsets as 6; € Q; with Q = [Ji2 {1, that is, @ =
UL {6} = {-10,-9.5, ., ., 10y 0s s, 9.5, 10} x {—10,10}.
Note that it is important to reduce the number of the com-
pact subsets for computational simplicity. This can be done
by increasing the subinterval between two compact subsets
without sacrificing tracking performance. This is possible as
the manipulator parameters and the masses of the working
loads are known to be within a specified range. The control
design parameters A\, A\, K1 and Ko are chosen as \; = 2,
A2 =2, K; = 15 and K2 = 15. Note that the control gains Ay,
A2, K1 and Iy are commonto al ¢ = 41 candidate controllers.
The value of A\, A2, K1 and Ky are required to choose in
such a way that they ensures acceptable transient tracking
performance. From the practical point of view, A1, A2, K1 and
Ko can be designed according to well established design rules
for PD control, for example, such that the closed loop would
be critically damped and the response would be fast enough

[21]. The discontinuous contral gain K and X as well as the
learning gain I' are chosen such that (0,6;) € ;. For our
evauation, these design constants are chosen as K;; = 15,
Kis = 15, ¢;1 = 0.7, ¢ia = 0.7 and ' = [I'; 0;0 I'y]
with Ty = 10 and I'> = 10. Note that for the given set
of initial conditions of interest, we can increase the value
of ¢ and reduce the value of K. On the other hand, one
may use boundary layer technique to avoid control chattering
activity [11]. Then, we define the dwell time t; = 0.03.
Applying with the above design parameter sets, let us now
construct a family of candidate controllers as a state feedback
(e, Qu,0;) = Sat [Y(e., G iin)0i — KOS — Kisat(%)} with
1 = 41. Then, we implement Theorem 1 and Theorem 2 on the
given model to examine the tracking performance of the logic
defined in Algorithm 1 and Algorithm 2. The implemented
results are given in Figure 1 under § = 8, that is, ix = 37,.
The left column of the Figure 1 is for Theorem 1 and the
right column of the Figure 1 is for Theorem 2. By comparing
left and right column of the Figure 1, one can observe that the
tracking errors under Theorem 1 of switching Algorithm 1 are
larger than the errors under Theorem 2 of switching Algorithm
2. We also notice from our results is that the transient tracking
errors under pre-routed switching-logic of Theorem 1 increase
with the increase of i*. Thisis mainly because the logic has
to travel through a number of candidate controllers before
converging to the one that satisfies the resetting inequality. As
a result, relatively large control effort and transient tracking
errors can be seen during transient phase under Theorem 1.
Such undesirable transient behavior of pre-routed switching-
logic can be reduced by using instantaneous switching-logic
proposed in Algorithm 2 of theorem 2.

Let us now compare the tracking performance of Theorem
2 with the SM-based classical SMC agorithm. The imple-
mentation results are depicted in Figure 2 with 6 = 8 (right
column is for Theorem 2 and left column is for the SM-based
SMC design). The tests are conducted under the same set of
the controller design parameters as considered for our last
evauation. By comparing left and right column of the Figure 2,
we can observe that the tracking errors under Lyapunov-based
switching almost closed to zero but relatively large tracking
errors can be seen under single model based SMC agorithm.
Note that the learning gains (the value of T') under classical
SMC design is ten times faster than multi-model based SMC
scheme of Theorem 2.

To examine the robustness of Theorem 2, we now introduce
a more complicated situation. In this case, we assume that
the plant parameter changes instantaneously over the compact
set 0 € Q. we consider that the plant is initially operating
under the parameter ; = 8 and 6, = 8. Then, at ¢t = 12
sec., the parameter 6 is changed from ¢, = 8 and ; = 8 to
0 =4 and 6, = 4. Again, a t = 30 sec., the parameter 6 is
changed from #; =4 and 6, = 4 to §; = 2 and 63 = 2. The
controller design parameters for this experiment are selected
With these sets up, we then implement Algorithm 2 on the
given system. The implemented results are presented in Figure
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Fig. 3. Thedesired (q41 = qq2 = qq) (black-dash), output tracking (radians)
(g1 for joint 1, g2 for joint 2) (black-solid) and control input (newton-meters)
for joints 1 (71) & 2 (72) (left column is for Theorem 2, right column is for
SM-based classical ASMC design).

3 (left column of Figure 3 is for Theorem 2). To compare this
results with the SM-based classical SMC scheme, we now
apply classical ASMC design on the same system with the
same design constants of Theorem 2. The results are given
in the right column of the Figure 3. By comparing left and
right column of the Figure 3, one can observe that the output
tracking trajectories under Theorem 2 converge to the desired
one (see left column) even in the face of the modeling error
uncertainties. However, the output tracking errors under SM-
based ASMC approach (see right column) increases with the
increase of parametric uncertainty. The effect of uncertainties
can also be observed from the control action, where high
frequency switching and control chattering activity increase
with the increase of the parametric uncertainties.

V. CONCLUSION

We have shown that multi-model based HSMC can be used
to improve the transient tracking performance for the trgjectory
tracking control problem of robotic systems. The key feature
of the design isto allow the parameter estimate of the classical
SMC to be changed into a model which closely approximates
the manipulator dynamics. The proposed logic can be used to
remove undesirable transient tracking control problem from
existing pre-routed switching logic. The purpose of hybrid
dynamical model is introduced to avoid of using chattering
and infinitely fast switching control problem in robust control
strategy. The evaluation on a 2-DOF robotic system clearly
illustrates the demand of HSMC design.
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