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SUMMARY

This paper proposes a simple fuzzy sliding mode control to achieve the best trajectory tracking
for the robot manipulator. In the core of the proposed method, by applying the feedback linearization
technique, the known dynamics of the robot’s manipulator is removed; then, in order to overcome
the remaining uncertainties, a classic sliding mode control is designed. Afterward, by applying the
TS fuzzy model, the classic sliding mode controller is converted to fuzzy sliding mode controller
with very simple rule base. The mathematical analysis shows that the robot manipulator with the
new proposed control in tracking the robot manipulator in presence of uncertainties has the globally
asymptotic stability. Finally, to show the performance of the proposed method, the controller is
simulated on a robot manipulator with two degrees of freedom as case study of the research.
Simulation results demonstrate the superiority of the proposed control scheme in presence of the
structured and unstructured uncertainties.
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1. Introduction

Robotic manipulators are not only exorbitantly coupled, abundantly nonlinear, and time-varying
systems but also have to travail from uncertainties in their dynamics, such as nonlinear friction,
payload variation, and external disturbance. These properties exacerbate the system performance and
stability, and they are formidable to find a punctual dynamical model for the model-based control
system design.' ™

In the past, there have been a lot of control methods, which have been presented to control robotic
manipulators. These approaches usually assume that the manipulator is enduring a constant payload or
has only its own mass. Some of these apply adaptive systems to determine the robot manipulator model
and others use a concise model of the robot manipulator. In ref. [4], a Takagi—Sugeno (T-S) fuzzy
model-based sliding mode controller has been introduced to robot manipulators’ control. Moreover,
rapid online closed-loop identification with generalized proportional integral control method in ref.
[5], adaptive fuzzy controllers in refs. [6—8], and T-S adaptive fuzzy controllers in ref. [9] have been
presented to control robot manipulators with constant payload.

Some mechanical systems and robotic manipulators with time-varying unknown payload have
also been proposed to control by expiating the influences of varying payload. An adaptive controller
has been proposed in ref. [10] to control the mechanical system where the mutating payload is
determined by bounded time functions. In ref. [11], the controller expiated the effect of the varying
payload by a sliding mode controller, which is applied to control robot manipulator. Eventually, in
ref. [12], to acquire zero steady-state error, a double-layer sliding-mode control has been proposed
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to control robot manipulator, and a proportional-integral (PI)-based disturbance observer has been
used to estimate the time-varying payload.

However, as it has been explained before, the dynamic equations of robot manipulator not only
have the loading fluctuation but also have other uncertainties such as friction, disturbance, and un-
modeled dynamics; if this part of uncertainties in controller design is not considered, then there would
be no guarantee for stability of the closed-loop system.

In order to obliterate chattering of global sliding mode control, merging sliding mode control with
neural networks control emerged to be a good idea, and many researchers have published various
control schemes based on this concept.'>~!7 A few momentous ideas seem to be prevailing. The first-
mentioned research strives to apply neural networks as an observer in the determination of equivalent
control'? and in some cases of disturbances.!* Moreover, for online identification of model errors, a
sliding mode controller with a modified switching function that produces a low-chattering control is
used in ref. [15] in parallel with artificial neural networks, which impose the controller performance.
In ref. [16], a new approach, which blends sliding mode control and neural networks, is presented,
the weights of which are delineated by a fuzzy supervisory controller. Fuzzy neural networks have
both fuzzy control and neural control privileges,!” and were exerted for multi-link robots. However,
design of fuzzy neural networks’ fuzzy rules is very difficult and no criterion is valid. Therefore, the
computation volume of these methods is too large, and hence the practical implementation of these
methods is very difficult.

The methods of robust control and adaptive control and also the combination of these two methods
of control have been used recently for tracking of robot manipulator in research. In refs. [18-22], by
using a robust nonlinear control and joint space (or task space information), some mechanisms are
presented to overcome uncertainties in the dynamics of the robot manipulator. The combination of
adaptive control and robust control causes a mechanism that has advantages of both methods to control
the tracking of robot manipulator in presence of structured and unstructured uncertainties.?3* In refs.
[25, 26], the sliding mode control method and combining of sliding mode control and also the neural
network and classical control methods are used for tracking control of robot manipulator. In some
of these researches, not only the structured and unstructured uncertainties in the robot manipulator
dynamics are considered but the uncertainties in actuator dynamics are also considered in controller
design.?®-?” The mathematical proving and simulations’ results demonstrate very good performance of
these methods. However, the existing complexities of these controllers’ design engender unwillingness
to their practical implementation in industry, because one of the factors that increases the use of
proportional-integral-differential (PID) controllers in industrial manipulators tracking control is the
existing simplicities in design of these kinds of controllers.

In this paper, fuzzy sliding mode controller for tracking control of the position of robot manipulator
in the presence of existing structured and unstructured uncertainties is presented in a simple
instruction. In contradiction to the classic sliding mode control, the proposed control does not contain
the chattering phenomena. The design structure of this controller is such that it decreases control input
amplitude sensitivity with respect to the variation coefficients of the controller. Hence, by changing
the controller coefficient, actuators become saturated slower in comparison to the classic methods.

The paper is structured as follows. Section 2 presents the robot manipulator dynamic equations
and existing features in this dynamics. In Section 3, the feedback linearization method is used for
eliminating the known dynamics of the robot manipulator. Section 4 contains the designing steps of
the classic sliding mode for controlling the tracking of robot manipulator. Due to convert of classic
sliding mode control to fuzzy sliding mode control, the TS fuzzy model is presented in Section 5.
Section 6 is designated to the details of the fuzzy sliding mode control design. In Section 7, the
advantages of the proposed control are presented. Section 8 contains dynamic equations and the
details of the two-degree-of-freedom robot manipulator, which is used as the paper’s case study.
Afterward, in Section 9, the performance of the proposed control is presented by using of simulation
in three steps, and finally in Section 10, the results of this paper are provided.

2. Problem Description
The dynamics of a rigid robot with n rotating links can be described by the following second-order
nonlinear differential equation,'872°

D(q)4 + N(q,q)q + G(q) + ta = T(2), (D
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where ¢, ¢, and § are angular position vectors, angular speed vectors, and angular acceleration
vectors of rotating joints respectively, D(g) € R"*" is the symmetric positive definite inertia matrix
of the robot, N(g, ¢) € R" is the vector containing coriolis and centrifugal forces, G(g) € R" is the
gravitational torque, t; € R" is the sum of system model errors’ torque and external disturbances’
torque, and t(¢) € R" is the vector of applied joint torques that are actually the control inputs.
Following are the properties for a multi-link robot described by Eq. (1) in general.!8—20

Property 1. D(q) is a positive symmetric definite matrix, and its inverse matrix D~ !(g) is valid.
D(q) is uniformly bounded by D < D(gq) < D, where D and D are positive constants that depend
on the mass properties of robot manipulators.

Property 2. D(q) —2N(q, ¢) is a skew-symmetric matrix, i.e., it meets the following equation:

x"(D(q) — 2N (g, §))x = 0. (2)

Assumption. We have the following assumption aboutz,:
lwall =T, 3)

where T is a positive constant.

3. Use of Feedback Linearization to Eliminate Known Part of Dynamics

The object of trajectory tracking control for multi-link robots is that the actual angular position ¢ can
track the expected angular position g; € R”" as exactly as possible. To achieve this goal, the control
input can be represented as follows:

(1) = D(@)V(t) + N(g, ¢)q + G(q), 4)

where D(¢), N(g, ¢),and G(g) are known parts of D(g), N(q, ¢), and G(q) respectively, and V(¢)
is a new control vector. Equation (4) is substituted into Eq. (1) and is rearranged as follows:

D(q)i = D(@)V(t) + N(q, ¢)g — N(g, ¢)g + G(q) — G(q) — ta. (5)

By defining N(q, §) — N(q, ¢) = AN(q, ¢) and G(q) — G(¢) = AG(q), Eq. (5) is simplified as
follows:

D(q)i = D(q)V (1) + AN(q, )d + AG(q) — 4. ©6)

Equation (6) is rearranged as follows:
i =D"'(9)D(@)V®) + D7 (g)AN(G, §)q + AG(q) — Ta). (7)
V(¢) is added and subtracted into Eq. (7) and this equation is simplified as
i =V®O+ D 9D@)~ DHV®) + D (@NAN(G, )¢ + AG(q), —Ta). ®)
By defining n = (D~ (q)D(q) — DV (1) + D™ (q)(AN(g, )¢ + AG(g) — 7a), We have

G =V +n. ®)

Remark 1. According to above defining, 1 includes all the existing uncertainties, that is, if the system
does not have structured and unstructured uncertainties then n = 0.
In Eq. (9), input control V() is selected as

V(t) =Ga — W), (10)
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where ¢, is the desired acceleration in the joint space, and W (¢) is the new control law. Equation (10)
is substituted into Eq. (9) to obtain

G =dqa— W) +n. D
By defining ¢ — g4 = e(t), Eq. (11) is simplified as follows:

ét)=—-Ww@)+n. (12)
Remark 2. e(?) is tracking error in the joint space and é(¢) and é(¢) are its first and second derivatives
with respect to time respectively.

By defining e(¢) = X (¢) and é(¢) = X»(¢), the state space model of Eq. (12) is of the following
form:

{ X1(t) = Xa(1), (13)

Xo(t) = —W(@)+ 1.

4. Classic Sliding Mode Control Design for Tracking of Robot Manipulator
For designing of sliding mode control, we must define sliding surface. Sliding surface is selected as
follows:

S(1) = CX,(1) + Xa(1), (14)

where C is the vector with constant coefficients. In this section, the control action W(t) is designed
in such a way that the output is capable of tracking the desired path. Moreover, the tracking error
and all its derivatives will tend to zero. In the sliding mode control design W (¢) consists of two parts:
W,, (1), equivalent control, and Ws(t), switching control®:

W(t) = Weq(t) + Ws(t). (15)
In the sliding phase, where S(t) = 0 and S(r) = 0, the equivalent term We,(1) is designed to keep the
system on the sliding surface. In the approaching phase, where S(¢) # 0, the switching term W;(z) is
designed to satisfy the reaching condition, S()S(z) < O.
For designing the part W,,(t), the derivative of Eq. (14) is supposed to be equal to zero:
S(t)=CX1(t)+ X»(t) = 0. (16)
Equation (13) is substituted in Eq. (16):
CXi(t)— W) +n=0. a7
In the design of W,,(¢), it is assumed that the sliding surface is zero. So the task of W,, () is preventing
the sliding surface from changes. According to this assumption, Wg(¢) in this part of the design may
be considered as zero. By considering the above points and substituting Eq. (15) in (17),
CX (1) — Wey (1) + 1 = 0. (18)
Finally, W,,(¢) is derived from the above equation:
Wey(1) = CX1(1) + 1. (19)

Concerning Eq. (19), we can conclude that

[Weg (I < CX1(0) + lInll, (20)
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where the ||o|| symbol is the norm. According to Eq. (20), W,,(¢) can be set as follows:
Wy (1) = CX1 (1) + lInll - (21)

Now the Wy(?) is designed in a way that the sliding surface tends to zero. So the following Lyapunov
candidate function is introduced:

V(S(t) = %STS. (22)
The derivative of the Lyapunov candidate function with respect to time is
V(S@t) = STs. (23)
From Eqgs. (14) and (23), we conclude that
V(S(t)) = (CX (1) + X2(t)"S. 24)
From Egs. (13), (15), and (24), it results that
V(S(1)) = (CX1(t) — (Weg(t) + Ws(1) +m)'S. (25)
We substitute Eq. (21) in Eq. (25) to get
V(S(1) = (CX11)"S — (CX,t)D"S — Inll S — Wi @)S +n"s. (26)

It is resulted from Eq. (26) that to have the inequality V (S(z)) < O satisfied, the following condition
has to be met:

) e iS@)>0
Ws() = {_ 5 S < 0 27
where p is a constant positive factor. Concerning Egs. (15), (21), and (27), we have
W@ = W, () + pif S) > 0
W) = { W (t) = Wey(1) — pifS(t) < 0° (28)
5. T-S Fuzzy Model
The T-S fuzzy logic system is given in the following form of IF-THEN rules:
R': IF xi(t)is Ay and .... and xq(@)is Ay THEN ui(t) = fi(X(®), t),i =1, ..., r, (29)
where R' represents the ith fuzzy inference rule, xjand A;; (=1, ..., rand j=1, ..., q)
are the premise variables and fuzzy sets respectively, and r is the number of fuzzy IF-THEN

rules.

Following the fuzzy inference method of the T-S fuzzy system, the control input
U(¢t) of the overall system can be obtained in the weighted average form along the
trajectories X(¢):

i Wi X)) fiX (), 1)
2io wi(X(®) ’

U@ = (30)
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sin(t)

where T; = [g' 1, and X(¢) € R?, the weight functions are defined as

q
wi(X(0) = [ ] Aij(x;0)). 31)

j=1

where A;;(x;(¢)) is the grade of membership of x;(7) in the fuzzy set A;;. The weight functions
w;(X (1)) are non-negative and measurable, and usually satisfy

Z w;(X(@#)) >0, forallzr > 0. (32)

i=1

6. Fuzzy Sliding Mode Control Design for Tracking of Robot Manipulator
The proposed T-S fuzzy model-based sliding mode control is based on the intuitive feedback control
strategy. Thus, the fuzzy inference rule base is established as

R' : IF S(t) is positive THEN W(t) = W'(t) = W (1),
R? : IF S(1) is negative THEN W(t) = W2(t) = W (1). (33)

Finally, the system control W (#) can be obtained through the center of gravity defuzzification method,

2
> wi(SEHW (1)
W([) _ i=1

. , (34)

» w;(S(1))

1

where w;(S(¢)) is the same as the one defined in Eq. (31). Therefore, the designed control input in its
general form is as follows:

t(t) = D(@Q)V(t) + N(g, §)¢ + G(q)
V() = Gg — W(t)

Y wiSO)Wi®
W(t) - Zle w; (S(1)) . (35)
Wity = W (1) +p ifSt) >0

W2(1) = Weg(t) — p ifS() <0
Wey(t) = CX1(1) + [Inll

Remark 3. To calculate |||, Property 1, Property 2, and the following equation can be used:

n=(D"'(q)D(q) — DV () + D ' (g)(AN(q, §)¢ + AG(q) — 7). (36)

Design guidance of the proposed control
According to the above discussion, the procedure for designing a fuzzy sliding mode controller for
robot manipulator is described as follows:

1. SpecifyD(q), N(q, ¢), and G(g) as known part of D(g), N(q, ¢), and G(g) respectively. Then
specify upper and lower bounds of these.

2. Specify the desired paths in the joint space.

3. Define the tracking error variable, ¢;(?)s.

4. Specify S(¢) sliding surface by selecting C as a vector with positive constant coefficients.
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b

Specify W,, () by using Eq. (21).

6. Design the T-S fuzzy model control laws W'(¢) and W?(¢), and the related fuzzy membership
functions.

7. Build fuzzy inference rule base.

8. Defuzzify the fuzzy variables through the center of gravity method to get the crisp control law
W(t).

9. Specify input control of robot manipulator by using Eq. (4).

7. Advantages of the Proposed Control
Some points considered in the proposed control design have a prominent role in its practical
implementation. These points are as follows:

1. In this control method, the bound of uncertainties can be decreased as much as possible because
of using the feedback linearization. Then the fuzzy sliding mode controller is designed through
applying the T-S fuzzy model and an inference engine composed of a very brief rule base (only
two rules).

2. Lowering the bound of uncertainties engenders decreasing of control input amplitude. Hence, in
robot manipulator control with the proposed method, it is possible to use actuators with lower
power. Therefore, the economic cost of robot manipulator manufacturing would be reduced.

3. This control method is free of undesirable chattering phenomenon. Moreover, it can handle
structured and unstructured uncertainties, whereas adaptive methods are weak in coping with
unstructured uncertainties. 8722

4. Another benefit of the designed controller is its light burden of computations, which is an
important figure in practical implementation and online control cases. In the control of industrial
complex systems, the computational burden of the control action is very significant, as the heavy
computational burden of the control action is not only expensive but can also cause instability of
the closed-loop system. %7

5. For reducing the tracking errors in most of the controllers, which are designed to track the robot
manipulator, the controllers’ coefficients have to be increased. On the other hand, increasing the
controllers’ coefficients engender the increasing of the control input amplitude and saturation
of robot manipulator’s actuators. By considering Eq. (34), it would be concluded that in the
proposed method the sensitivity of the control input amplitude is decreased with respect to
controller coefficient’s variation. Hence, the concern about the saturation of the actuators would
be fulfilled partially.

8. Case Study of Two-Link Elbow Robot Manipulator

In order to verify the performance of proposed control scheme, as an illustration, we will apply the
above-presented controller to a two-link elbow robot manipulator as shown in Fig. 1. The dynamics
of the two-link elbow robot manipulator can be described in the following differential equations’:

D D v o\
WG+ N(g. 9)g + Glg) + Ty = (1) (37)
Dy Dy
Dy =ml2 4 my (If + 12, + 2111, cos(q)) + I + D, (38)
Dy = Dy = my (I, + lil,, cos (q2)) + I, (39)
Dy =myl’ + D, (40)
) —molyl., g sin(gz) —molil., (g1 + ¢2) sin(gr)
N(q,¢) = o ’ , 1)
malile,q sin(g2) 0
(myle, + maly)g cos(qr) + mol, g cos(qi + q2)
G — 1 2 s 42
(q) |: mZZcngOS(q1 + qZ) ( )
_ le
Td - [sz} £ (43)
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Table 1. Parameters of two-link elbow robot.

L =1 L=1 I, =05
ZCZ =0.5 my = 15 myp = 6
I =5 =2

Td] = sz =10 8 = 9.8

Table II. Desired path and initial condition.

qa, = 0.3sin(37) qa, = 0.2sin(31)
q1(0) = 0.05 7 (0)=0
v A

Fig. 1. Two-link elbow robot manipulator.

where ¢; fori = 1, 2 denotes the joint angle, /; is the link length, m; is the link mass, I; is the link’s
moment of inertia given in the center of mass, /., is the distance between the center of mass of link
and the ith joint, 74, is the disturbance and unmodeled dynamics, and t(¢) is the torque input.

The link’s parameters are estimated with a gain of 0.9 from real values given in Table I. We set the
controller with C = [1010] andp = 5. Desired paths in joint space and initial condition are expressed
in Table II.

9. Simulation Results
In this section, in order to demonstrate the proposed control performance, the simulations are provided
in three steps. This section tries to present clearly the advantages of the proposed control step-by-step.

Simulation 1. In this step of simulation, in addition to the proposed control, one classic sliding
mode controller for robot manipulator tracking control is designed to show the performance of these
two controllers, which would show the advantages of the proposed fuzzy sliding mode control. After
applying the classic sliding mode control toward the robot manipulator, it is concluded that the joint
tracking errors are converged to zero in less than 1 s according to Fig. 2. Therefore, the sliding mode
controller in robot manipulator tracking control and in presence of the structured and unstructured
uncertainties would have a desirable performance. However, by considering Figs. 3 and 4, intensive
chattering appeared in robot manipulator control input. The existing of these undesirable phenomena
can stimulate the dynamic modes of the robot manipulator.

By applying fuzzy sliding mode control toward the robot manipulator, it is concluded according to
Fig. 5 that the robot manipulator tracking errors are converged to zero. Hence, the proposed control
does its duties properly in the presence of all uncertainties. By comparing Figs. 2 and 3, it is concluded
that the tracking errors due to applying fuzzy sliding mode control are more than tracking errors due
to applying the classic sliding mode control. However, by considering Figs. 6 and 7, it is concluded
that the control inputs due to applying fuzzy sliding mode control are free of chattering. Although, in
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Tracking error of joint 1

ffffff Tracking error of joint 2
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Fig. 2. Tracking errors of the robot manipulator by applying the classic sliding mode control.
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0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
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Fig. 3. Control input 1 of the robot manipulator due to applying the classic sliding mode control.

classic sliding mode control method, various mechanisms such as defining one boundary layer around
the zero sliding surface and increasing the degree of sliding surface dynamics have been presented,
each of these mechanisms in practical implementation level contains some problems.?® Therefore,
it can be concluded that although robot manipulator tracking control has low value of error, unlike
classic sliding mode control, the proposed control is capable of practical implementation in industrial
robot manipulator tracking control.
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Control input 2 (n/m)
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Fig. 4. Control input 2 of the robot manipulator due to applying the classic sliding mode control.

0.06 ‘ ‘
Tracking error of joint 1
o.o5+ |77 Tracking error of joint 2 H

0.04

0.03

0.02

Tracking errors

0.01

~0.01 | | | | | | | | |
0

Fig. 5. Robot manipulator tracking errors due to applying the fuzzy sliding mode control.

Simulation 2. In this simulation step, the performance of the proposed control is considered in the
. . . . Ty, si
presence of disturbance and time-variant un-model dynamics, T; = [Tj‘z Sln(t)]. The values of 7, and

T,2 in simulation are presented in Table I. According to Fig. 8, it is shown that by applying the
proposed control, robot manipulator tracking errors are converged toward zero in less than 1 s. By
comparing Figs. 5 and 8, it is concluded that the tracking errors are more in presence of time-variant
disturbances. In Fig. 9, the robot manipulator control inputs are presented. The figure shows that not
only the control inputs in presence of the time-variant disturbance are free of any type of chattering
but are also smooth, soft, and in permitted interval in aspect of amplitude.

Simulation 3. In this step of the simulation, for decreasing the tracking error due to time-variant

disturbance, the coefficient p, which in the previous simulations was equal to 5, is changed to
10. Figure 10 shows that the changing of the coefficient worked very well and robot manipulator

https://doi.org/10.1017/50263574713000702 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574713000702

A novel robust control 443

50

Control input 1 (n/m)

151 1

-10 L L L L L
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
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Fig. 6. Control input 1 of robot manipulator due to applying the fuzzy sliding mode control.
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Control input 1 (n/m)

15} 1
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0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
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Fig. 7. Control input 2 of robot manipulator due to applying the fuzzy sliding mode control.

tracking errors are improved significantly. In many control methods, which have been presented
for robot manipulator tracking control, the tracking errors can be reduced by increasing controller’s
coefficient. However, this issue, along with increasing of the control input amplitude, causes actuators’
saturation; whereas by considering Fig. 11, it is concluded that the increasing of the proposed control
input amplitude is not too sensitive with the increasing of coefficient p. Therefore, by applying this
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Fig. 8. Robot manipulator tracking errors due to applying the fuzzy sliding mode control in presence of
time-variant disturbance.

100 ‘
— Control input 1

b I Control input 2| |
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Fig. 9. Robot manipulator control inputs due to applying fuzzy sliding mode control in presence of time-variant
disturbance.

change, not only the tracking errors are reduced but the system also is not encountered by increasing
the control input amplitude and actuators’ saturation.

10. Conclusions

In this paper, by combining the feedback linearization and T-S fuzzy model methods, the fuzzy sliding
mode controller for robot manipulator control in presence of structured and unstructured uncertainties
was presented. The new method not only has a simple design method but it also does not have the
problems of the classic sliding mode control. In the proposed method, the feedback linearization along
with elimination of known dynamics reduced the remaining bounds of uncertainties. Furthermore,
the T-S fuzzy model method not only compensated the information shortages of designers about
structured and unstructured uncertainties but it also reduced the control input mathematical calculation
volume and the control input amplitude sensitivity in respect of increasing of controller’s coefficient.
The mathematical analyses show that the closed-loop system with proposed control in presence of
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Fig. 10. Reduction of robot tracking errors in presence of the time-variant disturbance with increasing of
coefficient p.
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Fig. 11. Robot manipulator control inputs in presence of the time-variant disturbance and increasing of
coefficient p.

structured and unstructured uncertainties has the globally asymptotic stability. For the observation of
performance of the proposed control, some simulations in three steps on robot manipulator with two
degrees of freedom were implemented. The simulation design steps and their results assert that the
proposed method is strong to overcome the existing uncertainties.
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