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In this research, a new approach for gradient ae¢smetimal sliding mode
controller for continuum robots is proposed. Basadtlve new dynamic
models developed, a novel technique for nonlineatrol of continuum
manipulators to be employed in various situatioas klso been proposed
and developed. A section of a continuum arm is resbeising lumped
model elements (masses, springs and dampers) amdlcby nonlinear
methodology (sliding mode method) and optimizatibe sliding surface
slope by gradient descent methdt.is shown that this type of control
methodology, although used to a certain model,bmnsed to conveniently
control the dynamics of the arm with suitable tefflen accuracy of
modeling. This relatively controller is more plaulsi to implement in an
actual real-time when compared to other technigufesonlinear controller
methodology of continuum arms. Principles of slgimode methodology is
based on derive the sliding surface slope and meati dynamic model and
applied in the system. Based on the gradient desagirhization method,
the sliding surface slope and gain updating fattas been developed in
certain and partly uncertain continuum robots. Timethodology is
represented in certain and uncertain area whogeoptimization for certain
area and test this optimization for uncertaifige new techniques proposed
and methodologies adopted in this paper supported/
MATLAB/SIMULINK results represent a significant caitiution to the field
of design an optimized nonlinear sliding mode ocalfgr for continuum
robots.

Copyright © 2012 Institute of Advanced Engineering &cience.
All rights reserved.

Corresponding Author:
Farzin Piltan

b

Industrial Electrical and Electronic Engineeringn8tkadeheSabze Pasargad. CO (S.S.P. Co), NO:16 ,
PO.Code 71347-66773, Fourth floor , Dena Apr , 8eMe Ave , Shiraz , Iran
Email: SSP.ROBOTIC@yahoo.com

1. INTRODUCTION

Continuum robots represent a class of robots the la biologically inspired form characterized by

flexible backbones and high degrees-of-freedomctiras [1]. The idea of creating “trunk and tergacl
robots, (in recent years termed continuum robdjjs {4 not new [2]. Inspired by the bodies of anisnsuch
as snakes [3], the arms of octopi [4], and theksuof elephants [5], [6], researchers have beeldibgi

prototypes for many years. A key motivation in thésearch has been to reproduce in robots sonteeof t

special qualities of the biological counterparthisTincludes the ability to “slither” into tight drcongested
spaces, and (of particular interest in this woHe ability to grasp and manipulate a wide rangehjécts,
via the use of “whole arm manipulation” i.e. wrappitheir bodies around objects, conforming to tebape

profiles. Hence, these robots have potential agfidins in whole arm grasping and manipulation in

unstructured environments such as rescue operafidreoretically, the compliant nature of a contimuu
robot provides infinite degrees of freedom to théseices. However, there is a limitation set byhectical
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inability to incorporate infinite actuators in thevice. Most of these robots are consequently aoteated

(in terms of numbers of independent actuators) wedpect to their anticipated tasks. In other wdhay
must achieve a wide range of configurations withtreely few control inputs. This is partly duettoe desire

to keep the body structures (which, unlike in cortiaal rigid-link manipulators or fingers, are ugd to
directly contact the environment) “clean and sdftit also to exploit the extra control authorityaéable due

to the continuum contact conditions with a minimmember of actuators. For example, the Octarm VI
continuum manipulator, discussed frequently in g@iper, has nine independent actuated degreeseaxfdm
with only three sections. Continuum manipulatorffedifundamentally from rigid-link and hyper-rediart
robots by having an unconventional structure thekd links and joints. Hence, standard technigikestthe
Denavit-Hartenberg (D-H) algorithm cannot be dikeetpplied for developing continuum arm kinematics.
Moreover, the design of each continuum arm varigh vespect to the flexible backbone present in the
system, the positioning, type and number of actsafthe constraints imposed by these factors makedt

of reachable configurations and nature of movememigue to every continuum robot. This makes it
difficult to formulate generalized kinematic or @gymic models for continuum robot hardware. Chirikjand
Burdick were the first to introduce a method fordeling the kinematics of a continuum structure by
representing the curve-shaping function using mddattions [6]. Mochiyama used the Serret- Frenet
formulae to develop kinematics of hyper-degreefeddom continuum manipulators [5]. For detailstioa
previously developed and more manipulator-spedifitematics of the Rice/Clemson “Elephant trunk”
manipulator, see [1], [2], [5]. For the Air Octonda Octarm continuum robots, more general forward an
inverse kinematics have been developed by incotipgrahe transformations of each section of the
manipulator (using D-H parameters of an equivalémtal rigid link robot) and expressing those énrhs of
the continuum manipulator section parameters [4je Tet result of the work in [6], [3]-[5] is the
establishment of a general set of kinematic algorit for continuum robots. Thus, the kinematics. (i.e
geometry based modeling) of a quite general seprototypes of continuum manipulators has been
developed and basic control strategies now exisedan these. The development of analytical maels
analyze continuum arm dynamics (i.e. physicsbasedets involving forces in addition to geometry)ais
active, ongoing research topic in this field. Frarmpractical perspective, the modeling approache=mtly
available in the literature prove to be very cowgtied and a dynamic model which could be convelgient
implemented in an actual device’s real-time cofgrohas not been developed yet. The absence of a
computationally tractable dynamic model for theskots also prevents the study of interaction oémnl
forces and the impact of collisions on these cantin structures. This impedes the study and ultimssge

of continuum robots in various practical applicaolike grasping and manipulation, where impulsive
dynamics [1], [4] are important factors. Althougbntinuum robotics is an interesting subclass obtials
with promising applications for the future, fronetburrent state of the literature, this field ifl 8t its stages

of inception.

Controller is a device which can sense informafiom linear or nonlinear system (e.g., continuum
robot) to improve the systems performance [7-20[fThe main targets in designing control systems are
stability, good disturbance rejection, and smadicking error[7, 21-30]. Several continuum robot are
controlled by linear methodologies (e.g., PropawieDerivative (PD) controller, Proportional- Intag (PI)
controller or Proportional- Integral-Derivative (Blcontroller), but when robot works with variouayoads
and have uncertainty in dynamic models this tealmigas limitations. In some applications continuobot
are used in an unknown and unstructured environntbatefore strong mathematical tools used in new
control methodologies to design nonlinear robusttradler with an acceptable performance (e.g., miur
error, good trajectory, disturbance rejection) {5l

Sliding mode controller is an influential nonlineamtroller to certain and uncertain systems which
it is based on system’s dynamic model. Sliding modstroller is a powerful nonlinear robust contoll
under condition of partly uncertain dynamic paraaretof system [7, 40-57]. This controller is used t
control of highly nonlinear systems especially émntinuum robot. Chattering phenomenon and nonlinea
equivalent dynamic formulation in uncertain dynarparameter are two main drawbacks in pure sliding
mode controller [20, 46-57]. The chattering phenonameproblem in pure sliding mode controller is reehl
by using linear saturation boundary layer functiom prove the stability is very difficult.

Gradient descent is a first-order optimization athon. Gradient descent works in spaces of any
number of dimensions, even in infinite-dimensiooaés. In the latter case the search space is tiypea
function space, and one calculates the Gateauxadime of the functional to be minimized to detemmithe
descent direction. The gradient descent can talchriteration to compute a local minimum with a reed
accuracy, if the curvature in different directioasery different for the given function. This rhet is based
on resolve the sliding surface slope as well agawg the output performance by Gradient Descenin@pt
Algorithm (GDOA) tuning the sliding surface slopeetficient. The sliding surface gaim of this controller
is adjusted off line depending on the iterations.
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This paper is organized as follows; section 2,ésved as an introduction to the sliding mode
controller formulation algorithm and its application to contad continuum robot, dynamic of continuum
robot and proof of stability. Part 3, introducesd attescribes the methodology (gradient descent aptim
sliding mode controller) algorithm. Section 4 pmsethe simulation results and discussion of thgerithm
applied to a continuum robot and the final sectsodescribing the conclusion.

2. THEORY
A. Dynamic Formulation of Continuum Raobot

The Continuum section analytical model develope® lvensists of three modules stacked together
in series. In general, the model will be a morecizeereplication of the behavior of a continuum avith a
greater of modules included in series. Howeverwileshow that three modules effectively represta
dynamic behavior of the hardware, so more complerlets are not motivated. Thus, the constant curgatu
bend exhibited by the section is incorporated iahtly within the model. The mass of the arm is nhedas
being concentrated at three points whose co-omrenaferenced with respect to (see Figure 1);

Ciz®

N\

|

Figure 1: Assumed structure for analytical moded skction of a continuum arm

Where;

[ - Length of the rigid rod connecting the two struidonstant throughout the structure
k,;,i=1,2,3 - Spring constant of actuatbrat module

k,;,i=1,2,3 - Spring constant of actuatdrat modulei

C,; ,i=1,2,3 - Damping coefficient of actuatdrat module
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C,; ,i =1,2,3 - Damping coefficient of actuat@rat modulel
m; ,i = 1,2,3 - Mass in each module
I; ,i = 1,2,3 - Moment of inertia of the rigid rod in each mtalu

A global inertial frame (N) located at the basehaf arm are given below

mqp :51'7/7*; (1)
m]gp = Sz. Sln@lﬁz + (51 + 52 CosS 61).‘71'; (2)
o3P = (S,. sinB; + S3.sin(8; + 8,)) 7, + (S; + S, cos B, + S;.cos( B + 6,))).73 (3)

The position vector of each mass is initially definin a frame local to the module in which it is
present. These local frames are located at the dhsach module and oriented along the direction of
variation of coordinatés’ of that module. The positioning of each of thesesses is at the centre of mass of
the rigid rods connecting the two actuators. Défdiating the position vectors we obtain the lineglbcities
of the masses. The kinetic energy (T) of the systmmmprises the sum of linear kinetic energy terms
(constructed using the above velocities) and mtati kinetic energy terms due to rotation of thgdrirod
connecting the two actuators, and is given below as

T = (0.5)m;5,% + (0.5)m, ((s‘zsinH1 + 520059191)2 + (5'1 + $,c056; — szsin9191)2) + 4)
(0.5)m4 ((ézsinel + 5,056,0; + $35in(0; + 6,) + s3c0s(8; + 0,)0; + s3cos(6; + 92)92)2 +

(Sl + S"ZCOSQl - stinelél + S3COS(91 + 62) - S3Sin(61 + 62)91 - S3Sin(91 + 62)92)2) +
0546, + (0.5, (6,° +6,") + 0.5, (6,° +6," + 6,).

The potential energy (P) of the system comprisesstim of the gravitational potential energy and
the spring potential energy. A small angle assumnpis made throughout the derivation. This allowsa
directly express the displacement of springs aedviiocities associated with dampers in terms efesy
generalized coordinates.

P = —mygs; — myg(sy + S,c050;) —msg(s, + s,c050; + s3co0s(6; + 0,)) + (0.5)ky,(s; + %)
(1/2)6; = 591)* + (0.5)kz1 (51 + (1/2)6; — 501)* + (0.5)k15(55 + (1/2)6; — 502)* +
(0.5)kz(s2 + (1/2)8; = 502)* + (0.5)k13(s3 + (1/2)83 — 503)% + (0.5)k3(s3 + (1/2)6; —
S03)’
whereS,1, Sy, So3 are the initial values 6f, S,, S; respectively.
Due to viscous damping in the system, Raylieghssigiation function [6] is used to give damping epyer

D = (0.5)cy1 (8, + (1/2)61)" + (0.5)cp1 (81 + (1/2)6)” + (0.5)c1o (5, + (1/2)6,)° + (6)
(0.5)cy2 (35 + (1/2)6,)” + (0.5)cy5 (85 + (1/2)83)° + (0.5)cy5(85 + (1/2)85)°.

The generalized forces in the system corresponttinghe generalized co-ordinates are expressed as
appropriately weighted combinations of the inputés.

Qs, = Fi1 + Fo1 + (Fip + Fp)cos0; + (Fi3 + Fp3)cos(6, + 6;) @)
Qs, = Fi2 + Fop + (Fi3 + F3)cos(6,) (8)
Qs, = Fi3 + Fy3 9
Qo, = (1/2)(F11 — Fp1) + (1/2)(F1; — Fpp) + (1/2)(Fi3 — Fp3) + 5,8in0,(Fi3 + Fy3) (10)
Qo, = (1/2)(Fiz — Fz2) + (1/2)(Fi3 — Fa3) (11)
Qo, = (1/2)(F13 = F33) (12)
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It can be evinced from the force expressions thatadtal input forces acting on each module can be
resolved into an additive component along the tivacf extension and a subtractive componentrigstlts
in a torque. For the first module, there is an tddal torque produced by forces in the third medul

The model resulting from the application of Lagraisgequations of motion obtained for this system
can be represented in the form

Feoerr 1= D (a) 4+ (a)a+6(q) .
wherert is a vector of input forces and q is a vector efigralized co-ordinates. The force coefficient iratr
Feoery transforms the input forces to the generalizedefe@nd torques in the system. The inertia malrits
composed of four block matrices. The block matrited correspond to pure linear accelerations and p
angular accelerations in the system (on the tapaiefl on the bottom right) are symmetric. The mafti
contains coefficients of the first order derivasvef the generalized co-ordinates. Since the system
nonlinear, many elements 6fcontain first order derivatives of the generalizedordinates. The remaining
terms in the dynamic equations resulting from gedidnal potential energies and spring energies are
collected in the matrix. The coefficient matrices of the dynamic equatiaresgiven below,

[ 1 1 cos(6,) cos(0;) cos(6;+6,) cos(6, + 6,) 1 (14)
| 0 0 1 1 cos(0,) cos(0,) |
Feoeff = 0 0 0 0 1 1
“l1/2 -1/2  1/2 —1/2  1/2 + s,sin(6,) —1/2 + s,sin(6,)
0 0 1/2 -1/2 1/2 -1/2
0 0 0 0 1/2 —-1/2
[ m; +m, m,cos(6;) ~M,S,in(6,) ]
mgcos(6; + 6,) —mss,sin(6;) —msssin(0; +6,) 0
s +mscos(6,) —mss3sin(6; + 6,)
mycos(6,) . .
+m,c05(8,) m, +my mgcos(6,) —mgs;sin(6,) —m3S35in(6,) 0
mgcos(6; + 6,) mgcos(6,) ms m3S3sin(6,) 0 0
—m,s,sin(6;) myss+ 1 + 1, ; o
—mss,sin(6;) —mgsgsin(0,)  mss,sin(6,) +13 + mys? + mys3 +n21 zﬂclzss(; )35 I3
—mgs;sin(6; + 6,) +2m3s5c05(6,)s, 373 2oz
2
—mgs;sin(f, + 6,) —myszsin(6,) 0 +T;23:37:;ZS(;2;3521 I + mgsi + 13 I
0 0 0 I3 I3 I3

Design Gradient Descent Optimal Sliding Mode CondfdContinuum Robots (Farzin Piltan)
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(9) . |
cos(8,)(6,)
) . _ . +(1/2)(cq1 + ¢31)
e + 6 :imzsl'n(gﬂail Zm(3;lT:—(gé1 ;’ 0,) —m;;‘z' 21 masssin(6, + 6 .
mssin(6,)0; 1+ 6, cos(8,)(6;)
—Mm3S3
cos(6; + 92)(91)
—Mms3S3 (91)
+(1/2) —2mgs;
—2mysin(6,) (€12 + ¢22) cos(6,)(6,)
0 Gz F 22 (6, +0,) —mys,(61) —mss, 0
—Ms3S; cos(6,)(6,)
cos(Bz)(él)
—M3S3S, ) 6
0 2m3sin(92)(91) Ci3 + Co3 505(92)(91) B m3s3(. 1) 172
—mgs5(6,) —mss5(6,) (c13 +C23)
. . . 2M3 S35
2 6,)(6, 6,+6 37302
ap Y ey o) mes
(C11 + (—'21) 302 .1 3o2mo 2 +(12/4) Sm(gz)(gz)
+2m,s,(6;) (6, +62) (Cos + Cop)
0 (1/2)(c1z + c22) + ?m3s? M3S3S, (12/4) 0
2mys;c0s(8,)(6,) (6, +6,) sin(62)(6,) (c12 +¢22)
(©?*/9
0 0 (1/2)(c13 — €23) 0 0 (c1s + €33).
6(q)= (17)

—myg —myg + ki1(sy + (1/2)01 — So1) + ko1 (51 — (1/2)0; — 51) — M3g
—m,gcos(6;) + ki5(sy + (1/2)0; — sg2) + kyp (s, — (1/2)0; — so2) — mzgcos(6;)
—m3gcos(6; + 0;) + ki3(s3 + (1/2)03 — Sp3) + kp3(s3 — (1/2)03 — sp3)

m,s,gsin(6,) + mzs;gsin(6, + 6,) + mzs,gsin(0;) + kq1(s; + (1/2)0; — 501)(1/2)
+ky1(s; — (1/2)6; — 501)(=1/2)

Mm3539sin(6y + 0,) + ki,(s; + (1/2)0; — 502)(1/2) + kpp(s; — (1/2)0; — 502)(—1/2)

ki3(s3 + (1/2)03 — s03)(1/2) + kp3(s3 — (1/2)03 — s93)(—=1/2)

B. Sliding Mode Controller
Consider a nonlinear single input dynamic systedefined by [7]:
x™ = f(X) + b(@)u (18)
Where u is the vector of control inpu™ is then™ derivation ofk, x = [x,%, %, ..., x®D]T is the state
vector, f(x) is unknown or uncertainty, are{x) is of known sign function. The main goal to destbis
controller is train to the desired statg= [Xq, kg, Xq, -, X4 P]7T, and trucking error vector is defined by
[71:
X =%X—%q = [& .., xO"D]T (19)
A time-varying sliding surface(x, t) in the state spad@ is given by [7]:
d L (20)
s(x,t) = (a+)\ nmlg =0
wherel is the positive constant. To further penalizekinag error, integral part can be used in slidingate
part as follows [7]:
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00 = (o + )7 ( [ 2 dt) —0 (21)

The main target in this methodology is kept thdisti surface slope(x, t) near to the zero. Therefore, one
of the common strategies is to find influbutside ofs(x,t) [8-11].

1d (22)
g2 < —
TS _(x,t) = {Is(x, D)
where( is positive constant.
If S(0)>0~ %sa) < (23)
To eliminate the derivative term, it is used aegnal term from t=0 to t5.4.5
t=treach ( t=treach (24)
f Es(t) < _f n- S (treach) - S(O) < _((treach - 0)
t=0 t=0
Wheret,... IS the time that trajectories reach to the slidingiace so, suppose t3(., = 0) defined as;
5(0) (25)
0- 5(0) < _n(treach) = treach = ?
and
1S(0)] (26)

if S(0) <0-0-S(00) < —n(treacn) = S(0) < ={(treacn) = treacn <

Equation (26) guarantees time to reach the slidimgace is smaller thar{%o)' since the trajectories are
outside ofS(t).

if St,paen = S(0) = error(x —x4) =0 27)

suppose S is defined as
d e e . (28)

s(x,t) = (E+/1) X=&—-%q) +Ax—xq)
The derivation of S, namel§, can be calculated as the following;

S=(&—% + A& —%q) (29)
suppose the second order system is defined as;

¥=f+u>S=f+U—i;+MX—%q) (30)

Wheref is the dynamic uncertain, and also sisce 0 and § = 0, to have the best approximatidii is
defined as

U=—f+i5 — A% —%q) (31)
A simple solution to get the sliding condition witlea dynamic parameters have uncertainty is théckinig
control law [50-57]:

Ugis = U — K(X,t) - sgn(s) (32)
where the switching functiosgn(S) is defined as [9, 12-23]
1 s>0 (33)
sgn(s) = {—1 s<0
0 s=0

and theK (%, t) is the positive constant. Suppose by (8) the fdlig equation can be written as,

1d . R R 34
Easz(x,t) =S-S=|f—f—Ksgns)|-S=(f-F)-S—KIS| (34)

and if the equation (26) instead of (25) the sltidsurface can be calculated as
(35)

s(x,t) = (%+/1)2 (f J?dt) = (X — Xq) + 2A(%X — %q) — A2 (x — xq)

in this method the approximation 8fis computed as [15]

U=—f+5%5— 22k —%q) + 2\ (x — xq) (36)
Based on above discussion, the sliding mode colatvwofor a multi degrees of freedom robot manipadas
written as [7, 21-40]:

T = Teq + Tais (37)
Where, the model-based componggtis the nominal dynamics of systems calculatedksfs [40-57]:

Teq = [D7H(C +G) +S]|D (38)
andzty;, is computed as [7];

Tais = K - sgn(S) (39)
By (38) and (39) the sliding mode control of robwnipulator is calculated as;

7= [D7X(C + G) + S]|D + K - sgn(S) (40)

Design Gradient Descent Optimal Sliding Mode CondfdContinuum Robots (Farzin Piltan)
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where$ = le + & in PD-SMC ands = Ze + ¢ + (3)? 3 e in PID-SMC.

C. Proof of Stability
The lyapunov formulation can be written as follows,

V=%ST.M.S (41)
the derivation o/ can be determined as,

V=—ST.M.S+S"MS (42)
the dynamic equation of robot manipulator can bigevr based on the sliding surface as

MS=-VS+MS+B+C+G (43)
it is assumed that

STM-2B+C+G)S=0 (44)
by substituting (43) in (42)

V= %STMS —STB+CS+ST(MS+B+CS+G)=ST(MS+B+CS+G) (45)
suppose the control input is written as follows

U = Uyontmear + Ugis = [MX(B+C + G) + $]M + K.sgn(S) + B+ CS + G (46)
by replacing the equation (45) in (44)

V=ST(MS+B+C+G—MS—B+CS+G—Ksgn(S) (47)

=7 (1l7IS +BFCS+G - ngn(S))

and

|MS +B+CS+G| < |MS|+|B+CS+G| (48)
the Lemma equation in robot arm system can beesr#s follows

K, = [|MS| +|B+CS+Gl+n] ,i=1234,.. (49)
and finally;

- (50)

VS—Zm M
i=1

=
Figure 2 is shown pure sliding mode controller aggpto continuum robot.

T = Tgis + Teq

1 e
i Tais = K.sgn(s)
= 5 S=Ac+e

| tee=[M'B+cra)+5]M

Figure 2: Sliding Mode Controller

3. RESEARCH METHOD
Gradient Descent Optimization Algoritm and applied to Sliding M ode Controller

For sliding mode controller application the systparformance is sensitive to the sliding surface
slope coefficientd). For instance, if large value afis chosen the response is very fast the systemsigble
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and conversely, if small value @fis considered the response of system is very Blatwsystem is stable.
Therefore to have a good response, compute thevblest sliding surface slope coefficient is venportant.
Gradient descent algorithm is based on improvimgitiput parameters by moving iteratively in the

direction of the estimated gradient of the resparfsimterest. One of the major concerns with thyset of
algorithm is the estimation of the gradient andstttistical properties. Naturally, the heart addjent{based
algorithms is the technique used to estimate thdignt. Here we present the most common methodbinse
the simulation optimization literature. For furthdetails the reader is referred to [12]. Gradiesgagnt is
based on the observation that if the multivariablaction F(x)is defined and differentiable in a
neighborhood of a poirt, thenF(x) decreasefastestif one goes fromu in the direction of the negative
gradient ofF at ,a — VF(a). It follows that, if

b=a—-yVF(a) (51)
for y = 0 a small enough number, thélia) < F(b). With this observation in mind, one starts withless
x, for a local minimum of*, and considers the sequengex;, x,, ..... such that

Xn+1 = Xn - ynVF(Xn): nz=0 (52)
We have
F(Xo) 2 F(X1) = F(X3), = - (53)

So hopefully the sequeng&,,) converges to the desired local minimum. Note thatualue of the
step size is allowed to change at every iteration. With daressumptions on the functidt{for example F
convex andvF Lipschitz) and particular choices gfe.g., chosen via a line search that satisfies/floéfe
conditions), convergence to a local minimum cargbaranteed. When the functiéghis convex, all local
minima are also global minima, so in this case igr#ddescent can converge to the global solution.

4. RESULTSAND DISCUSSION

Gradient descent optimal algorithm sliding mode tadler (GDA) was tested to Step response
trajectory. In this simulation, to control positiafi continuum robot the first, second, and thirthi® are
moved from home to final position without and wikternal disturbance. The simulation was implengente
in MATLAB/SIMULINK environment. These systems arested by band limited white noise with a
predefined 40% of relative to the input signal aitaple. This type of noise is used to external disince in
continuous and hybrid systems and applied to neatinlynamic of these controllers.

GDA Sliding Mode Controller Optimization: in GDA sliding mode controller; controllers
performance are depended on the gain updatingrfé€)oand sliding surface slope coefficier).(These
two coefficients are computed by GDA optimizatiéigures 3 and 4.

1.; T
Hi WWH\W -

BV R 7] unw

5 10
Figure 4: Error; Gradient descent optlmlzatlomlldlng mode controller
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Tracking performances. In GDA sliding mode controller; the performancalepended on the gain
updating factorK) and sliding surface slope coefficied).(These two coefficients are computed by gradient
descent optimization. Figure 5 shows tracking penmce in GDASMC and SMC without disturbance for
step trajectory.
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Disturbance rejection: Figure 6 is shown the power disturbance elimimaiio GDASMC and
SMC with disturbance for step trajectory. The distunce rejection is used to test the robustnespansons
of these controllers for step trajectory. A bamdited white noise with predefined of 40% the powkinput
signal value is applied to the step trajectoryfolind fairly fluctuations in trajectory respons@&ased on
Figure 5; by comparing step response trajectonh wi0% disturbance of relative to the input signal
amplitude in SMC and GDASMC, GDASMC's overshoot at@.5%) is lower than FTFSMC’s1(2%).

Torque performance: Figures 7 and 8 have indicated the power of chagerejection in
GDASMC and SMC with 40% disturbance and withoututisance. Figure 7 shows torque performance for
first three links continuum robot in GDASMC and SM@thout disturbance. Based on Figure 7, GDASMC
and SMC give considerable torque performance itamersystem and both of controllers eliminate the
chattering phenomenon in this situation.
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Figure 7. Gradient descent optimal SMC vs. SMCqterperformance

Figure 8 have indicated the robustness in torquéopeance for first three links continuum robot in
GDASMC and SMC in presence of 40% disturbance. @ase Figure 8, it is observed that both of two
controllers have oscillation. This is mainly besapure SMC and optimal sliding mode controllerrataist
but they have limitation in presence of externatutbance

The GDASMC gives significant steady state errorfgperance when compared to SMC. When
applied 40% disturbances in SMC the RMS error iaseel rapidly approximately 22% (percent of increase

40% disturb RMS 0.22e—4 . .
the SMC RMS error@Xedisturbance RMS error _ 0.22¢74 _ 5544y and in GDASMC the RMS error increased
(40% disturbance RMS error _ 1le—4

approximately 9.17% (percent of increase the GDASRIZS error=
9.17%).

no disturbanceRMS error  le—7

no disturbance RMS error  12e—6
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Figure 8: Gradient descent optimal SMC vs. SMC:querperformance with noise

5. CONCLUSION

The central issues and challenges of control amidha&son problems are to satisfy the desired
performance objectives in the presence of noisésturbances, parameter perturbations, unmodeled
dynamics, sensor failures, actuator failures, tihedays, etc. Gradient descent sliding mode cortiad
shown growing popularity in both industry and agaite To improve the optimality and robustness, aeech
proposed optimal gradient descent control for ma@ar systems with general performance criterialirgi
mode method provides us an effective tool to cdmtamlinear systems through the switching functzonl
dynamic formulation of nonlinear system. Mixed penfiance criteria have been used to design theadtamntr
and the relative weighting matrices of these detaran be achieved by choosing different coefficien
matrices. The optimal control can be obtained blyisg gradient descent at each time. The simulation
studies show that the proposed method providegisfassory alternative to the existing nonlineantol
approaches.
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