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DESIGN ADAPTIVE ROBUST FUZZY CONTROLLER

FOR ROBOT MANIPULATORS

THIET KE BO DIEU KHIEN MO BEN VNG THICH NGHI CHO TAY MAY ROBOT

ABSTRACT

This paper proposes an adaptive robust Fuzzy controller based on
Backstepping scheme to solve with the model unknown and parameter
disturbances for robot manipulator. In this research, the robust adaptive fuzzy
system is combined with Backstepping design method to remove the matching
condition requirement and to provide boundedness of tracking errors, even
under dominant model uncertainties. Unlike previous robust adaptive fuzzy
controllers of nonlinear systems, the robustness term of proposed control
scheme is selected as an auxiliary controller in the control system to deal with
the effects of model uncertainties and parameter adaptation errors. The adaptive
turning laws of network parameters are derived using the Lyapunov stability
theorem, therefore, the global stability and robustness of the entire control
system are guaranteed, and the tracking errors converge to the required
precision, and position is proved. Finally, the effectiveness of the proposed
robust adaptive control methodology is demonstrated by comparative
simulation results with the adaptive Backstepping control (BPC) and the
adaptive Fuzzy control (AFC), which have done on three-joint robot manipulator.
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TOM TAT

Bai hAo dé xut thiét ké bo digu khién mo bén vitng thich nghi trén co b
phurang phap Backstepping dé gidi quyét bai toan o6 cAu tric bét dinh va nhiéu loan
clia c&c tham s cho tay méy robat. Trong nghién cttu nay, hé thong ma bén viing
thich nghi duoc két hop véi phurong phép thiét ké Backstepping dé xda cac yéu cau
vé diéu kién phu hop va duwa ra gidi han sai léch bam, tham chi ca tinh bét dinh cla
cAu triic. Khac vdi cac bo digu khién mo trude d6, thanh phan bén vitng clia bd diéu
khién d& xuat ddng vai tro nhu b diéu khién bl dé xi¥ Iy anh hudng clia bét dinh
cau trlic va sai l&ch clia cac tham s6. Luat diéu chinh thich nghi céc tham s6 doc
dra ra s dung Iy thuyét 6n dinh Lyapunov, do véy, st 6n dinh vabén viing clia hé
thong diéu khién duoc dam bao, cac sai léch hoi tu vé gid tri yéu cau va vi trf bam
duwoc cai thién. Cudi cling, bai bdo trinh bay cac két qua md phong trén co sb so sanh
v6i bd diéu khién Backstepping va ma thich nghi cié théy diroc hiéu qué clia phurong
phap digu khién nay trén tay may robot ba bac tu do.

Tir khda: Diéu khién ma thich nghi, tay may robot, digu khién thich nghi bén
viing.
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ABBREVIATIONS
BPC: Backstepping control
AFC: adaptive Fuzzy control

1. INTRODUCTION

In recent years, interest in designing robust tracking
control for robot manipulator system has been ever
increasing, and many significant research attentions have
been attracted. However, robotics are nonlinear systems
and they suffer from various uncertainties in their
dynamics, which deteriorate the system performance and
stability, such as external disturbance, nonlinear friction,
high time varying and payload variation. Therefore,
achieving high performance in trajectory tracking is a very
challenging task. To overcome these problems, many
powerful methodologies have been proposed, including
adaptive control, intelligent control, sliding mode control
and variable structure control, etc[1-4]. Recently,
Backstepping technique has been widely applied to design
adaptive controller for nonlinear system. Investigations
base on Backstepping control method are provided a
systematic framework for the design of tracking and
regulation strategies, suitable for a large class of state
feedback linearizable nonlinear systems [5-8]. However,
there are some problems in the Backstepping design
method. A major constraint is that certain functions must
be “linear in the unknown parameters”, which may not be
satisfied in practice. Furthermore, some very tedious
analysis is needed to determine “regression matrices”, and
the problem of determining and computing the regression
matrices becomes even more acute. In general, the
application of fuzzy logic theory to control problems
provides an alternative to the traditional modeling and
design of control systems when system knowledge and
dynamics models are uncertain and time-varying. The fuzzy
systems are used to uniform approximate the unstructured
uncertain functions in the designed system by using the
universal approximation properties of the uncertain class of
fuzzy systems, and several stable adaptive fuzzy controllers
that ensure the stability of the overall system are
developed by [9-16]. However, in the aforementioned
schemes, a lot of parameters are needed to be tuned in the
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learning laws when there are many state variables in the
designed system and many rules bases have to be used in
the fuzzy system for approximating the nonlinear uncertain
functions, so that the learning times tend to become
unacceptably large for the systems or higher order and
time-consuming process is un avoidable when the fuzzy
logic controllers are implemented. In this paper, we
proposes a robust adaptive control method by combining
adaptive fuzzy system with backstepping design technique
for the three-joint robot manipulator to achieve the high
precision position tracking under various environments. An
adaptive fuzzy system is used as a universal approximator,
and the robust adaptive control by backstepping design is
used to guarantee uniform boundedness of tracking errors.
So that, the research does not require the matching
condition imposed in the control system, and the
boundedness of tracking errors, even with poor parameter
adaptation are also provided. In addition, the robust term is
also selected to limit the sizes of the parameter adaptation
errors, and it can provide better tracking performance and
robustness at the cost of expensive control inputs.
Therefore, the tracking performance and robustness of the
proposed control method can be guaranteed at all costs,
even though the target system is effected by dominant
unknown nonlinearities or disturbances.

This paper is organized as follows. The problem
formulation and preliminaries are presented in section 2.
Section 3 presents control design and stability analysis of
the system. The boundedness of the tracking error is
guaranteed and proven. In section 4, the simulation results
on the three-joint robot manipulators are presented. The
final section is a conclusion of the paper.

2. PROBLEM FORMULATION AND PRELIMINARIES
2.1. Dynamic of Robot manipulators
Consider the dynamics equation of an n- link robot
manipulators with external disturbances as follows:
M@gq+Clqqq+D, =1 1
where (q,q, §) € R™! are the vectors of joint position,
velocity and acceleration, respectively. M(q) € R™*™ is the
symmetric inertial Matrix. C(q,q) € R**" is the vector of
Coriolis and Centripetal forces. D, € R™! is the bounded

unknown disturbances input and the unmodeled dynamics
vector, and T € R™1is the joints torque input vector.

For the purpose of designing controller, there are some
properties.

Property 1: The inertial matrix M (q) is a symmetric and
bounded positive matrix:

M(q) < myl, (2)

wherem, > 0and m, € R

Property 2: M(q) — 2C(q, §) is skew symmetric matrix,
for any vector x:

xT[M(q) - 2C(q,)]x =0 (3)
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Property 3: C(q, 9)q, F(q) is bounded as follows:
IC(q, qll < Cligll? (4)
where C,, is positive constants.
Property 4. D, >0; D, € R"™*1 is the
disturbance and bounded as:
DIl < d, (5)
where d, is known positive constants.
2.2. Adaptive fuzzy system

A fuzzy logic system includes four parts: the knowledge
base, the fuzzifier, the fuzzy inference engine working on
fuzzy rules, and the defuzzifier. The knowledge base of the
fuzzy logic system is a collection of fuzzy IF-THEN rules of
the following form:

RY: IFx, is F} and x, is F} and ... and x,, is E}, THEN y is
GH1=1,2,..,N

where x = (x4, ..., x,,)T and y are the fuzzy logic system
input and output, respectively. F}, G' are associated with
the fuzzy membership functions It (x) and psi(y),

respectively. N is the number of rules.
The output of the fuzzy system can be expressed as:

L, 8T, slen)
R A

unknown

y(x) = (6)

z{il[m;iupz_ (xi)]
where §; = max,eg g (y),and 6 = [6,8,, ..., 6y]"
Define the fuzzy basis function as follows

B M, MF% (x)
2121[1_[?:1 BpL(x)
13

where o = [0, (x), 05 (%), ..., oy (X)]T 7)

Then the output of the fuzzy system (6) can be rewritten
as

y(x) =0 (x)8 (8)
Let f(x) be a continuous function defined on a

compact set @, then for any small constant w > 0, there
exists a fuzzy logic system such that

lf (x) — 0" (x)6/ 1l < w )
where §; is the optimal approximate constant, and
defineé =6*—-4
3. CONTROL DESIGN AND STABILITY ANALYSIS

In this section, we proposed an intelligent controller
which combines adaptive fuzzy control [14] and
Backstepping technique to suppress the effects of the
uncertainties and approximation errors. Thus, the unknown
functions of robot manipulator control system is estimated,
and the stability of control system can be guaranteed. The
block diagram of the adaptive control system is presented
in Fig.1.
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Figure 1. The black diagram of the adaptive control system

The adaptive Backstepping method will be applied to
solve the approximator of the system (1). The n step
adaptive fuzzy backstepping design is based on the change
of coordinates

Define

[ %:(6) = q(t)

{ z () = y() = ya(®)

y(t) = x,(t)
zi(t)=x;(t) —a;_, ;i=2,..,n—1

where y, (t) is the expected angle and has second order
derivative, x;(t) = x;_,(t), a;_,isanintermediate control
and selected as:

a1 = Yaqi(6) = Ai_12;_1(1); (A1 > 0) (11)

Step 1. By choosing the appropriate «;_;, leading to
z;(t) - 0, and from (10), the derivative of z,(t) can be
obtained:

Z({t) =z + a1 —Yq (12)

Consider the following Lyapunov function candidate
L,as:

(10)

L, = %ZITZI (13)
The time derivative of the Lyapunov function L, is:

Ly =2{%

By using equations (10-12), one has

Ly =2{z — 4z{z (14)

Step i, (2 i < n-1): The dynamics equation (1) of an n-
link robot manipulators can be rewritten as follows:

x;(t) = —M™1Cx;(t) — M™D, + M~1t (15)

From (15), and by using z;(t) = x;(t) — a;_;, we can
obtain:

7;(t) = —-M"1Cx;(t) =M D, + M1t — ¢;_, (16)

To continue our design, the adaptive control law is
proposed as:

T=—2_1() = 4z{t) —y&x) — 7, (17)

where 7, is a robust term that is used to suppress the
effects of uncertainties and approximation errors.

The robust compensator 7 is designed by:

7y = —K,sgn(z) (18)
where K, is selected as: K, < d,
Consider the Lyapunov function candidate as
1

Ly =Liy 52/ (OMz(0) (19)
The time derivative of L; is
Ly = Liy +52T (©OMz,(8) + 2] (©OMz,(0) +

1 .

~2 (OMz,(t) (20)

From equations (10), (14), (16) and using property 3, we
have
Ly =2z Oz ®) = 412l Oz, ()
+z] (O (=Ca_y — Ma;_y — 4;7(t) — 7, (t) —

O-T(xi)(si) + ZiT(t)Kssgn(Zi) - ZiT(t)De (21)
By defining f(x;) =—-Ca;_; —Ma;_;, now (21)
becomes
Ly = =442z (Ozi_, () — AzF () z;(0)

+ 2] (O () — 07 (x)6})
+ 2/ (0)oT (x)6; + 2] ()Kssgn(z)
- ZiT (t)De
Ly < =Aioqzl 1Oz, () = Aiz] ()2, ()
+ Izl O ) = o xS
+2] ()0 (x)5;
Using (9) and property 4, we can obtain:
Ly < =4 120 (0740 = A = D7 7,0 + ;02 +
2z} (©)a” (x;)8; (23)

Step n: In the final step, choose the following Lyapunov
function candidate:

1 ~ ~
L,=L,_ {1+ E(STTlé‘n

(22)

B >0) (24)
The time derivative of L,, is
Ln = Ln—l - %85571 (25)

Similar to the derivations in Step i, once has
1

n S ~An-1Zn-1(OZn 1 (6) = (An = )20 (02, ()

1

B

L
1 - I
+ sz + 2zl (t)oT (x,)6, — =616,
Ln < _An—lerz—1(t)Zn—1(t)
1
— (/In - E) zI()MM ™1z, (t)
+25 (007 (6)8, = 3878, + 3 w? (26)

Choosing the adaptive law for § is:

6; = —ké; + Blz] )" (x)]" (27)

From property 1 and the adaptive law (27), now (26)
becomes

S6 48.2018 e Tap chi KHOA HOC & CONG NGHE | 61



CONG NGHE

62

, 1\ 1
L € ~As2s (02,50 = (1 =3 ) —— 2 OM2,©
2/ my,

k * * k * * 1
+2 (=658, — 8L6,) + 55 ndntow? (28)

. % % 1z7g
Since —8*1 6 — 6165, < —>676,, now (28) becomes

, 1\ 1
L S ~As 2y (02,50 = (A =3 ) — 2 (OM2,©
2/ my,

k (1gzpz K cuTox | 1
—5(55;5n)+55 "o+ w? (29)
Denote

. 1 k
Em = Min {22,122, = D 5 ]
and &, = ga*fla;; + w?
We have
. 1. 1.
L <~ (3751710 + 52 (OM2,©

1 s
+35808,) + &
Ln < _'men + 60
Integrating L,, with respect to time as follows:
t . t
Jo Ly(@®)dt < = [[(=&nLy + &)dt = L, (0)e4m! +

$o -
-—[1 — émt
g [L—em]

Then

(30)

(vt =0)

Ln(0) < Ly(0) + (31)

Moreover, by (31), we can further obtain
2
220 = (00 = ya®)” < L® <Ly (0) + 3= (32)
Equation (30) implies that there exists T which for all
t > T, the tracking error z, satisfies

&
™ (33)

Following the above design procedures and stable
analysis, guarantees that all the signals in the closed-loop
system are bounded in mean square. Furthermore, the
tracking error can be made arbitrarily small by choosing the
appropriate design parameters.

4. SIMULATION RESULTS
In this section, a three-link robot manipulators is applied
to verify the validity of the proposed control scheme for

illustrative purposes. The detailed system parameters of the
three-link robot manipulators model are given as follows [4]:

|Z1| <

My My, My Ci1 Gz Cis
M =My My, My|,C=|C Gy (3
Mz Mz, M, (31 G5y Cyg

M, = (m; + my, + my)? + (M, + m3)l3 + myl2
+ 2(my + my)ly1; cos(qz)
+ 2mglyl5 cos(q, + q3)
+ 2msl, 15 cos(qs)
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My, = (my + m3) + mglf + (my + my)l L, cos(qz)
+ mslyl; cos(q, + q3)
+ 2myl, 15 cos(qs)
Myz = m3l3 + mglyl; cos(qy + qs) + mslyl; cos(qs);
My, = My,
My, = (my + mg)l3 + myl3 + 2myl, 15 cos(qs);
My3 = m3l5 + mslyl;5 cos(qs);
M3, = m3l3 + mslyls cos(qy + q3) + mslyl; cos(qs);
M3; = Maz; M3z = msl3
€11 = —2(my + m3)ly 1 sin(qz) ¢z
— 2mslyl3sin(qz + q3) (G2 + 43)
— 2m3l,15sin(q3) 45

Ciz = —(my + m3)l11; sin(qy) 4,
—mglyl3sin(q;, + q3) (42)
— 2ml,l5sin(q3) g5
— 2mgly 15 sin(q, + q35)4;

Ci3 = —mzly 15 sin(q3) g3 — m3ly 13 sin(q, + q3)4;
Co1 = —(my + m3)li1, sin(q,) G,
—mslyl3sin(q, + q3) (G2 + g3)
— 2ml,15sin(qs3) G5
+ (my + my)li 1 sin(qy) (G2 + 41)
+ mslyl3sin(q; + q3)(qz + G1 + 43)

Caz = —2m3l,15 sin(q3) Gs; Co3 = —mzlyl5sin(gs) G5
C31 = —mgly L3 sin(q, + q3)(G2 + G3)
—mgl,l5sin(qs) 43
+ msly L3 sin(q, + q3)(G2 + G1 + G3)
+ mslyl3sin(g, + q3)(2G; + G1 + 43)

Cs, = m3lyl3sin(qs3) §,; C33 = 0;

where m,,m,,m; are links masses; [, l,,1l; are links
lengths; g = 10(m/s?)is acceleration of gravity.

The parameters of three link industrial
manipulator are given as follows:

my; = 1.1 (kg),m, = 1.1 (kg), m3 = 0.5 (kg);

[, =03 (m),l, =0.3(m),l; =0.1(m)

The object is to design control input in order to force
joint variables g=1[q1 4. q3]" to track desired
trajectories as time goes to infinity. Here, the desired
position trajectories of the three link industrial robot
manipulator are chosen by ¢, =1[9a1 44z 4a3]’ =
[0.5sin(2t) 0.5sin(2rwt) 0.5sin(2rwt)]T;

The parameter values used in the adaptive control
system are chosen for the convenience of simulations as
follows:

A =24,=5k=15pF=2;K;
= diag[0.1 0.1 0.1];

robot
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Figure 2. Simulated positions tracking of the proposed control system, AFC
and BPC
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In the following passage, our proposed control scheme
is applied to the robot manipulators in comparison with
the adaptive Backstepping control (BPC) [7] and the
adaptive Fuzzy control (AFC) [9]. The simulation results of
joint position responses, tracking errors and control
torques in following the desired trajectories for joint 1, joint
2 and joint 3 are shown in Figures (2-4), when the external
disturbance is selected as:
d, =[0.25sin(t) 0.25sin(t) 0.25sin(t)]?. From these
simulation results, we can see that the proposed control
system converges to the desired trajectory more quickly
and achieves tracking performance better than both the
cases with BPC and AFC. Therefore, the use of proposed
control scheme with adaptation weights can effectively
improve the performance of the closed- loop system
compared with the existing results. It seems that the robust
tracking performance of the proposed control scheme is
more excellent and effective than the BPC and AFC in [7]
and [9], respectively.

5. CONCLUSION

In this paper, a robust adaptive control method that
combines adaptive fuzzy system with backstepping design
technique is proposed for the three-joint robot
manipulators to solve the uncertain plant problems. Based
on the above control algorithm, the presented control laws
can guarantee the tracking errors converge to a small
residual set and all the involved signals remain in a
bounded set without needing an accurate robot model.
Simulation results were presented on a three link robot
manipulators and comparisons were made with the
performance of BPC and AFC. Finally, as demonstrated in
the illustrated simulation results, the proposed control
scheme in this approach is not only reduce the chattering
phenomenon, but also can achieve the high precision
position tracking and good robustness in the trajectory
tracking control of three link robot manipulators under
various environments over the existing results. Thus our
proposed controller can be effectively applied for the three
link robot manipulator.
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