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Self-Adjusting Fuzzy Logic Based Control of
Robot Manipulators in Task Space

B. Melih Yilmaz

Abstraci—End effector tracking control of robot manipu-
lators subject to dynamical uncertainties is the main objec-
tive of this article. Direct task space control that aims min-
imizing the end effector tracking error directly is preferred.
In the open loop error system, the vector that depends on
uncertain dynamical terms is modeled via a fuzzy logic net-
work and a self-adjusting adaptive fuzzy logic component
is designed as part of the nonlinear proportional derivative
based control input torque. The stability of the closed-loop
system is investigated via Lyapunov based arguments and
practical tracking is proven. The viability of the proposed
control strategy is shown with experimental results. Exten-
sions to uncertain Jacobian case and kinematically redun-
dant robots are also presented.

Index Terms—Adaptive fuzzy logic (AFL), fuzzy approxi-
mation, Lyapunov methods, robot manipulators, task space
control, universal fuzzy controller.

[. INTRODUCTION

N THE robot manipulator control literature, significant
I amount of the past research is devoted to designing tracking
controllers in the joint space. However, in most applications,
desired task is defined in the end effector space. To address this
problem, one line of research prefers to transform the desired
task into the joint space and then make use of the vast amount
of literature on joint tracking control. The main shortcoming of
this method is possible problems due to the inverse kinematics at
position level that must be used when transforming the desired
task from operational space to the joint space. Other line of
research has focused on designing controllers that aim directly
minimizing the tracking errors in the end effector space [1],
where one of the early results was presented in [2]. In [3],
dynamic control of robot manipulators in end effector space was
aimed where accurate knowledge of both dynamic and kinematic
models were required for implementation. While in [4], an
experimental evaluation of control in end effector space for dif-
ferent end effector orientation parameterizations was provided.
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In [5], quaternion based resolved rate and resolved acceleration
end effector space controllers were proposed. Configuration
control of kinematically redundant robot manipulators was dis-
cussed in [6]. In [7], compliant motion controllers were designed
for kinematically redundant robot manipulators where, similar
to [3], redundancy was made use of to optimize a user-defined
objective function. While not requiring inverse kinematics at
position level this method needs the inverse of the Jacobian
matrix, which may be problematic when the Jacobian matrix
is uncertain and/or not square. Review of control methods at
task space can be found in [8] and [9].

Another important research issue independent of the choice
of the control method described above is the presence of un-
certainties in the model of the robot manipulators. Specifically,
the dynamic model of the robot manipulator can include para-
metric and/or unstructured uncertainties while there may be
uncertain kinematic model parameters, and these uncertainties
avoid them to be used as part of the control input design.
When the uncertainties are linearly parameterizable adaptive
methods are in order. Recently, in [10], a neural network based
approach was followed to compensate for both dynamic and
kinematic uncertainties. In [11] and [12], regulation of robot
manipulators in task space was aimed, where the uncertainty
of the Jacobian matrix was compensated with an approximate
matrix. In [13], tracking control of robot manipulators in end
effector space was aimed, where quaternion feedback was used.
In [14], the results in [3] are extended to deal with parametric
uncertainties in robot’s dynamic model. The results in [14] are
extended in [15] and [16] with the addition of a novel stability
analysis for the subtask objectives. These results are further
improved in [17], where asymptotic stability of the subtask
objectives were proven. An end effector space tracking con-
troller was designed in [18], where both kinematic and dynamic
uncertainties were dealt with gradient based adaptive update
laws. In [19], regulation of robot manipulators in end effector
space was addressed with an amplitude limited controller, where
parametric uncertainties in dynamic and kinematic models were
also compensated for. In [20], a sliding mode type control
strategy was proposed where dynamic parametric uncertainties
was compensated adaptively. One of the shortcomings of the
gradient based adaptive techniques is the lack of compensation
for unstructured uncertainties which can be addressed via invok-
ing adaptive methods with robust tools. Another shortcoming is
the need to find the regressor matrix which is usually specific
to the robot manipulator at hand. When there are unstructured
uncertainties in the robot dynamic model robust control methods
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can be made use of. In [21], a self-tuning adaptive end effector
space controller was designed, where bounded uncertainties
were also compensated for robustly. In[22], the resultsin [ 14] are
extended by adding a robustifying component to the controller,
where uniform ultimate boundedness (UUB) of the closed-loop
system was proven. Tracking control of kinematically redundant
robot manipulators subject to parametric uncertainties in both
kinematics and dynamics along with unstructured uncertainties
in dynamics was addressed in [23], where a UUB result was
ensured. In [24], a saturation function based repetitive learning
controller was designed that does not require dynamic model
knowledge. Recently in [25], a robust signum of the integral of
the end effector tracking error based controller was designed
where kinematic uncertainties were dealt with adaptively. Ro-
bust techniques usually require discontinuous terms and/or rely
on the upper bound of the uncertainties, which may be consid-
ered as weaknesses.

In this article, tracking control of robot manipulators in task
space is aimed. Direct task space control is invoked to avoid the
complications and possible problems associated with the inverse
kinematics at position level. The task space tracking error is
quantified as the difference of the end-effector configuration
vector and the desired task space trajectory. The error system
development is further pursued via the definition of an auxiliary
error like vector that requires the Jacobian matrix. The control
problem is complicated by the presence of uncertainties in the
dynamic model. In a novel departure from the existing works on
task space control, a self-adjusting adaptive fuzzy logic (AFL)
based approach [26]-[28] is proposed. Specifically, to avoid
finding the regressor matrix and thus to obtain a universally
applicable control structure, a fuzzy logic network based mod-
eling is used to compensate for the dynamical uncertainties
adaptively. The self-adjusting property of the AFL strategy is
obtained by tuning the centers and widths of the membership
functions (MFs) via dynamic adaptive update laws. For the MFs,
a polynomial structure is preferred to avoid the weaknesses of
exponential type MFs not changing much with their spread and
piecewise continuous MFs not being continuous. The stability
of the closed-loop system is investigated via novel Lyapunov
based arguments and practical tracking is proven. Experimental
verification of the proposed AFL based robust control is demon-
strated on an in-house developed robot manipulator.

In addition to the dynamical uncertainties, kinematic un-
certainties are also encountered. These uncertainties usually
possess the linear parameterization property, where the regressor
matrix is relatively easier to obtain. To address this research
issue, an uncertain Jacobian matrix extension is also aimed. The
uncertainties in the Jacobian matrix avoided it to be used as
part of the error system definition and thus a different auxiliary
error like vector definition is introduced. Via the design of an
adaptive update rule for the uncertain kinematic parameters
the kinematic uncertainties are dealt with while the previously
designed self-adjusting AFL-based controller is modified ac-
cordingly. To investigate the stability of the closed-loop system,
anew Lyapunov function is introduced, where practical tracking
is ensured. Experiments are also performed to demonstrate the
viability of the proposed controller.

When the dimension of the end effector space is less than
the number of degree of freedom (DOF), the robot manipulator
is called kinematically redundant [29] and the Jacobian matrix
is not square. This constitutes a problem as the definition of
the auxiliary error like vector that ties the end effector tracking
objective to the dynamic model relies on the inverse of the
Jacobian matrix. To circumvent this problem, an extension to
the kinematically redundant robot manipulators is also studied.
The difference between the number of DOF and the dimension of
the end effector space shows the level of redundancy and may be
used to achieve secondary control objectives [30], [31]. Exam-
ples of secondary objectives are singularity avoidance, joint limit
avoidance, bounding the impact forces, and bounding the poten-
tial energy. These secondary control objectives are required to be
designed appropriately as they are achieved via the self-motion
of the robot without affecting the end effector tracking objective.
In this part of the study, a new definition is proposed for the error
like vector to include a pseudoinverse of the Jacobian matrix and
the control design is modified accordingly. The stability of the
closed-loop system is investigated in two steps. In the first part,
the stability of the task space tracking error is investigated in a
similar manner to that of the nonredundant case and practical
tracking is achieved. In the second part, the stability of the
secondary objective is investigated and UUB of the secondary
objective is proven.

The rest of this article is organized as follows. In Section II,
kinematic and dynamic models along with model properties are
presented. In Section III, error system development along with
the control design are presented for the known Jacobian case,
while the associated stability analysis is given in Section IV.
The derivations for the uncertain Jacobian case as a whole are
shown in Section V. Section VIincludes the experimental results
for both known Jacobian and uncertain Jacobian cases. Finally,
Section VII concludes this article.

Il. KINEMATIC AND DYNAMIC MODELS

The kinematic model of an n DOF revolute joint robot manip-
ulator operating on n dimensional space is acquired from [32]

r = f(q) (1)

where x(t) € R™ is the task space position, ¢(t) € R™ repre-
sents the joint position vector and f: R™ — R"™ denotes the
forward kinematics. By differentiating (1), velocity kinematics
is obtained as

T=Jq @)

where @(t) € R™ denotes the task space velocity, ¢(t) € R”
is the joint velocity vector and J(g) € R™*™ represents the
Jacobian matrix defined as

_of
=9

Remark 1: In accordance with the literature on task space
control, all kinematic singularities are considered to be always

avoided thus the inverse of the Jacobian matrix J~!(gq) exists
for all possible ¢(t) [32].

J 3)
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Remark2: J(q) and J~!(q) depend on ¢(t) via trigonometric
functions only and thus they are bounded Vgq.

The dynamical model of the robot manipulator has the fol-
lowing structure [32]

M(q)i+Clq,q)q+G(q) + Fg=r1 “4)

where ¢(t) € R™ represents joint acceleration vector, M (q) €
R™*™ is the positive definite and symmetric inertia matrix,
C(q,q4) € R™™ models the centripetal and Coriolis terms,
G(q) € R™ represents the gravitational effects, F' € R™*" de-
notes viscous frictional effects, and 7(¢t) € R™ is the control
input torque. The above dynamical terms satisfy the below
properties.

Property 1: As a direct consequence of utilizing Lagrange
formulation in obtaining the above dynamics, the inertia matrix
M (q) is positive definite and symmetric and satisfies following
inequalities [32]

ma|n||®> < n" M(q)n < ma|n|*> VneR" (5)

where m1, my € R are positive bounding constants.

Property 2: In the Lagrange’s formulation, the velocity de-
pendent terms can be arranged by utilizing Christoffel symbols
to make the centripetal Coriolis matrix and the time derivative of
the inertia matrix satisfy following skew symmetry property [33]

n" (M —-2C)n=0 VYneR" (6)

[ll. ERROR SYSTEM DEVELOPMENT AND CONTROL DESIGN

The main objective of the controller design is to ensure track-
ing of a desired task space position vector z4(t) € R™ which
along with its first two time derivatives are considered to be
bounded functions of time. The dynamic model in (4) is uncer-
tain and thus can not be benefited as part of the control design
so the error system development must be tailored accordingly.

The task space tracking error, denoted by e(t) € R™, is de-
fined as

eLay— 1. @)
Differentiating (7) by utilizing (2) yields
é=2aq—Jq. ®)

To ease the presentation of the rest of the design and analysis,
an auxiliary error-like term, shown with r(¢) € R™, is defined
as

r & J N ig +ae) — g 9)

in which o € R™*™ is a constant, positive definite, diagonal gain
matrix. Substituting (9) into (8) yields

e=—ae+ Jr. (10)

The definition of 7(¢) in (9) can also be considered as a transfor-
mation between task space in which tracking is aimed and joint
space where control input torque is to be designed [14]. In an
attempt to reach open loop dynamics for the auxiliary error-like
term 7(t), its first time derivative is taken and then multiplied
with the inertia matrix to deduce

Mr=-Cr—1+f (11

where (4) and (8) along with time derivative of (7) were utilized
with f(z, &, x4, 24, 2q4) € R™ being defined as

= M%[J‘l(x'd + ae)] + CJ (&g + ae) + G+ Fg.
12)
Since the dynamic modeling matrices M (¢), C(q, ¢), G(q), and
F include uncertainties, f defined above is also uncertain. By
utilizing the universal approximation property of fuzzy logic
network [34]-[36], the auxiliary uncertain term in (12) can be
modeled as

f=wlo+e (13)

where w € R®*™ is the constant control representative value
matrix, ¢(p, A, x) € R®*! is the membership value vector with
a25 H?:l A; where A; denote the number of fuzzy rules, p,
A € RY! are centers and widths with b = 537 | A;, x(t) £
[#,2, 14,04, 7q) € R°™ande(x) € R™is the functional approx-
imation error satisfying ||¢|| < € for known bound €.

Utilizing (13) and (11) can be rewritten as

Mi=—-Cr—7+uwl¢+e (14)

Based on the subsequent analysis, the control input torque is
designed as

r=J"e+ Kr+u"¢ (15)

where K, € R™*™ is a constant, positive definite, diagonal con-
trol gain matrix, w(t) € R**™ is the estimate of control repre-
sentative value matrix, ¢(p, A, ) £ Gl aa € R**Vis the
estimate of membership value vector with p(t), A(t) € RP*!
denoting estimated centers and widths, respectively. Control
representative values, width and center values are updated adap-
tively according to

= Tudr” =Dy 2L AT Ty S — kU
16)
. od r
A=Tx <82> wr — ka||r|TaA an
99\ "
p=T, (815) wr — k||| Tpp (18)

where ', € R9*¢, T'a, T, € R®? are constant, positive def-
inite, diagonal adaptation gain matrices, and k., ka, k, € R
are constant, positive adaptation gains. To ensure boundedness
of the estimations, a projection algorithm (such as the one
in [37]) is considered to be used on the right-hand sides of
(16)—(18). The control input torque design in (15) includes a
nonlinear proportional derivative controller J” e + K,r fused
with an AFL component with self-adjusting MFs for uncertainty
compensation. By substituting the control input torque design in
(15) to the open loop error system in (14), the closed-loop error
system is concluded as

Mi=—Cr—Kyao—J e+e+w¢o—aTo. 19
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[V. STABILITY ANALYSIS

In this section, in view of the previously obtained error dynam-
ics, the stability of the closed-loop system will be investigated
by utilizing Lyapunov type analysis methods.

Theorem 1: The control input torque in (15) and the update
rules in (16)—(18) ensures boundedness of the closed-loop sys-
tem and guarantees practical tracking of a desired task space
position vector.

Proof: To prove the theorem, a Lyapunov function, shown
with V4 () € R, is defined as

1 1 1
V2 §eTe + 5rTMr + 5tr{uvTF;U%b}

Liprax  1opoqo
+ §ATFA1A + 5pTrp 15 (20)
in which tr{-} is the trace operator and w(t) € R**", A(t),
p(t) € R¥! are estimation errors defined as

DEw—0,AEA—AjEp—p. 1)

Via using projection algorithm on right-hand sides of (16)—(18),
[@(t)lioe < @, [A@)] < A, [[5(t)]| < P are guaranteed for
known positive bounding constants w, A, ﬁ, and in view of these
bounds, the expression in (20) can be lower and upper bounded
as

1 1
—min{l,m}||z||* < Vi < = max{l,ma}|z||* + &1

2 -2
(22)
o 5 Dhana{T") A?hpax {21} . P hmax{T, 1)
te 2 2 2
(23)

where the notation A, {-} denotes the maximum eigenvalue of

amatrix, z(t) £ [eT 7T]T € R?" is the combined error vector

and || - ||;00 denotes the induced infinity norm.
The time derivative of (20) is obtained as

. 1 .. .
Vi =ele+rT My + ngMr + tr{w" T w}
+ ATTRA 4 57T . 24)

Substituting (10) and (19), and time derivatives of estimation
errors in (21) into (24) yields

Vi=el(Jr—ae) +r7 (—Cr — K,r —J e+ ¢
~ 1 . .
T — w%) + 5T M — T b}
— AT A - p"T, D (25)

and after canceling common terms, using Property 2, adding and
subtracting 77 w7 ¢ yields

Vi =—eTae—rTK,r + rTngZ; + TT”LETQB +rTe

—w{@T T b} — ATTRA — 7151 (26)

where q@(t) = ¢ — ¢ € R can be rewritten via using the
Taylor series expansion as [38], [39]
Ob ~
LR e
0A

¢ _

o= aﬁp

27

in which &(p, A) represents higher order terms. Substituting (27)
and the adaptive update rules in (16)—(18) into (26) and then
canceling common terms gives

Vi=—eTae—rTKr+rTe+ rTwT¢
54 T
+ ky||r|tr{@Tw} — AT d’ wr
0A

T
o - T .
a;a) wr + kyl|r(|pTH  (28)

+ kallr||ATA — pT (

where tr{n+ v} =tr{n} +w{v} and tr{nr} = u{vn} [38]
were used as well. Following bounds can be obtained [26]:

P w"E(B, A)| < (ao + ar | Al + aol[BIDIr]  (29)
AT<8‘?>TW < asllillnlr] (30)
O0A
N T
P’ @2’) wr| < ag|[d|ior| 31)

where ag, a1, asz, as, a4 € R are known positive constants. In
obtaining the above bounds, the boundedness of £ in [26] and
[40] was used along with the boundedness of w, A, p ensured
via utilizing a projection algorithm on the right-hand sides of
(16)—(18) and w, A, p being constant vectors. By using the upper
bounds in (29)—(31), the right-hand side of (28) can further be
upper bounded as

Vi < —cae —r"K,r + ao|rl| + €|
+ |17l [(as + aq) [ @lice + kuwtr{@ w} — kytr{®d" @} ]
+ 7l [ar A+ EaATA — ks ATA]
+ |7l [azllBll + kpp"p — kpp" D] (32)

and utilizing ||w||i~ < @, [|A] < A, |[p|| < p for known posi-
tive constants w, A, p, and then completing the squares deduces
to

Vi < —eTae—rTK,r

(a3 + a4 + kww)z
4k,

+ il jao + e+

, (ot kad)?

+ (GQ + kplﬁ)2
4ka

ik,

(33)
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Following compact upper bound is obtained for the right-hand
side of (33)

. »‘}/2
Vi < —Bllz|* + 5 (34)

in which v is a positive constant bigger than the square bracketed
term of (33) and 3 € R is a positive constant defined as

B = min{Amin (@), Amin (K,) — 0}

where the notation A, {-} denotes the minimum eigenvalue of

(35)

amatrix and y||r|| < Z—; + d]|7||* was made use of for a positive
damping constant .

From the structures of (22) and (34), V' (t) € L canbe shown
and thus e(t), (¢) can be proven to be bounded. Standard signal
chasing arguments can be used to ensure boundedness of all
the signals under the closed-loop operation. Also, from (22)
and (34), UUB of e(¢) and r(t) are guaranteed with the size of
the ultimate bounds depending on constants on the right-hand
sides of (22) and (34), which can be adjusted via control and
adaptation gains, thus practical tracking of a desired task space
position vector is ensured. |

V. UNCERTAIN JACOBIAN MATRIX EXTENSION

When the kinematic parameters of the robot manipulator are
not known accurately, the Jacobian matrix includes parametric
uncertainties and thus can not be utilized in the definition of the
auxiliary error-like vector and in the control design. Thus, the
definition of r and the control design are required to be revised
based on this restriction. In this section, an adaptive update rule
for the uncertain kinematic parameters will be proposed to be
fused with the control strategy in the previous part. The task
space variables x(t) and &(¢) are considered to be available via
alternative sensing methods.

Property 3: The velocity kinematics in (2) is linearly param-
eterizable in the sense that

Jg=W;®,; (36)

where W;(q,q) € R™** is the known regression matrix and
®; € R® denotes unknown constant kinematic parameter
vector.

In this case, due to the unavailability of .J, the interconnection
between task space and joint space is provided by r(t) that is
defined as [25]

r2 J N ig+ ae) — g (37)

where .J (q) € R™*™ is the estimated Jacobian matrix obtained
by substituting the uncertain kinematic parameters ¢ ; with their
estimations ® J(t) € R®. In view of (36), following expression
is obtained

Ji=W,;, (38)
and subtracting (38) from (36) yields
Jg=W;d, (39)

where J(q) 2 J —J € R and ®;(t) £ d; — &; € R®. In
view of the new definition of r(¢) in (37), the time derivative of

the task space tracking error is obtained as

é=—Jr—ae—Jg (40)

which includes the extra term jq’ when compared with (8).
The open loop error dynamics has the same structure as in
(11) but due to the new definition of 7(¢) the auxiliary vector
fz, 2,24, 2q,%q) € R™ is now defined as

F &M ST @+ ae)] + CJ Mot 0e) + G+ Fi
4D
Similarly, f is expressed via the fuzzy logic structure given
in (13). Based on error system development and subsequent
stability analysis, the control input torque is now designed as

T=J"e+ Kr+d"9 (42)
and ® () is updated according to
d=-1,wTe (43)

where I'; € R™"™ is a constant, positive definite, diagonal
adaptation gain matrix, and the projection algorithm in [18] is
considered to be utilized on the right-hand side to ensure bound-
edness of both the parameter updates and its time derivative and
also existence of the inverse of .J. The closed-loop error system
is obtained as

Mf':fC’r—KTT*jTe+e+wT¢*”L@T¢- (44)

To investigate the stability of the closed-loop system, the Lya-
punov function, shown with V5(t) € R is defined as

1- -
Va2V + 5<I>§F;1<I>J. (45)

The expression in (45) can be lower and upper bounded as

1 1
imin{l,ml}Hsz << imax{l,mg}Hsz +co (46)

5 DT A2l {T A}
2T 2 2
52 A {T 1 &)2)”, r-!
+p 2{p} JIB;({ J} (47)

where | ® ()| < ®; is ensured via the use of a projection
algorithm on the right-hand side of (43) for known positive
bounding constant ®; € R. The time derivative of (45) can be
obtained as

. 1 ;o .
Vo =elé+rT Mi+ irTMr +tr{w! T o}

+ ATTRLA 4 57T, + 1T, D, (48)
Utilizing similar steps to the ones in (25)—(35), the same compact
upper bound in (33) is obtained for the right hand side of (48)
as well. Thus, practical tracking of a desired task space position
vector is ensured.
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end-effector

Fig. 1.

Three-DOF planar robot manipulator.

TABLE |
CHARACTERISTIC OF MOTORS AND DRIVERS

E37576 Maxon Motor

Characteristic Value

Nominal voltage 24 VDC

Nominal speed 5530 rpm

Speed constant 263 rpm/V

Torque constant 36.4x1073 Nm/A
Nominal torque 78.2x1073 Nm
Maximum power of driver 72 W

VI. EXPERIMENT RESULTS

To demonstrate the performance of the proposed controllers,
experiments were fulfilled with the 3 DOF planar robot manip-
ulator presented in Fig. 1, where properties of its motors and
motor drivers are presented in Table I.

To measure the joint positions AS5045 magnetic rotary en-
coders based on contactless magnetic sensor technology were
used. Quark Q8 data acquisition card is used to realize the
data transmission between computer and drivers. The control
signals received from the data acqusition card as pulsewidth
modulation are transmitted to motor drivers and encoder signals
are received as quadrature counter inputs. The control algorithm
was run on MATLAB Simulink with real time windows target
with a sampling rate of 0.001 s. In the experiments, to achieve
a nonredundant robot manipulator, the first joint was locked
mechanically and the last two links were used. The Jacobian
matrix has the following form:

g — | “hsin(gr) —lasin(gr + g2) —l2sin(gr + g2) (49)
l1cos(q1) + 2 cos(qr + q2) 12 cos(q1 + go)

where ¢, and ¢, are the joint positions and /; and l5 are link
lengths. The manipulator was initially at rest at the joint position
q(0) = [0, 7/2]T[rad]. The desired task space position vector
was designed as

balt) = [0.015 sin(().lt)] 2a(0) = [0.65

0.01 cos(0.2t) 0.25} [m]. (50

The gains were tuned via trial and error method' and the
controller gains were selected as K, = diag{50,20}, o =

I'The gain tuning process was initiated with conservative (i.e., big) gains and
when the experiments worked smaller control gains were tried until satisfactory
tracking performance was obtained.
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Fig. 2. Known Jacobian case: Task space position tracking error e(t).

[Nm]

10 I I I I I I I
0 10 20 30 40 50 60 70 80

Timel[sec|

Fig. 3. Known Jacobian case: Control input torque 7 ().

diag{8,7.6} while the adaptation gains were set to I',, = I,
I'a =0.021, I') = 0.071, kyy, = 0.002, ka = 0.8, k, = 0.5.
The number of fuzzy rules were setto A; = Ay = 3 (i.e., 3-rule),
and the initial values of estimations of control representative
values and centers of MFs were selected randomly in the range of
[—1, 1], while the initial values of estimated widths were selected
randomly in the range of [0,1]. For the uncertain Jacobian
extension, in view of (49), the regression matrix W; is obtained
as

W= |~ sin(q1)g1 —sin(q1 + ¢2) (41 + 42)

[ cos(qu)gr cos(qr +q2)(q1 + d2) GD

and the adaptive gain matrix was chosen as ['y = I5 and the
initial values of the adaptive updates of both link lengths were
setas {1(0) = l2(0) = 0.5.

The experiment results are presented in Figs. 2—6. The track-
ing error and control input torque for known Jacobian case are
presented in Figs. 2 and 3, respectively. The position tracking
error, control input torque and estimates of link lengths are
presented in Figs. 4-6, respectively, for the uncertain Jacobian
extension. From Figs. 2 and 4, it is clear that satisfactory
tracking were achieved for both known Jacobian and uncertain
Jacobian cases, respectively, for reasonable control input torques
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Uncertain Jacobian case: Task space position tracking error
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Fig. 5. Uncertain Jacobian case: Control input torque 7(¢).
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Fig. 6. Uncertain Jacobian case: Estimates of link lengths.

presented in Figs. 3 and 5. Specifically, after the transients ended,
the steady-state behavior of the tracking error remained within
a small neighborhood of zero. The integral of the square of the
norm of tracking error and control input are presented in Table II.
From the first and fourth lines of the table, it can be seen that in

TABLE Il
PERFORMANCE MEASURES

[lle @) [Pdv
0.0870
0.3315
0.5828
0.5423
1.2020
0.6859

ST () Pdv
5.758 x 103
5.811 x 103
1.399 x 104
4.183 x 102
4.250 x 103
7.285 x 102

Type of the controller

JTe+ Kor +0(p, A, x)
JTe+ Kor + @2, 1(x)
JTe+ Kpr + 0T ¢(pe, Ac, X)
JTe + Kpr + WP, A, X)
JTe+ Kyr + 08 v(x)
JTe+ Kpr + 0T ¢(pe, Ac, X)

the known Jacobian case despite requiring higher control effort
a significantly better tracking performance was achieved.

The performance of the controllers in (15) and (42) were
compared by substituting their AFL component uA;Té(ﬁ, A, X)
with two other adaptive structure. For the first comparison,
another AFL structure of the form w7 ¢(p., A, x) was used
in which p. and A, are constant centers and widths which
are chosen as vectors with all entries being equal to 1 and w
was updated adaptively via (16). For the second comparison,
an adaptive neural network structure of the form Wl w(x)
was used with ¢ (x) being the activation function chosen as
hyperbolic tangent function and the weight matrix is updated
according to W = Lot (x)rT with Ty, = 20 as given in
[41, eq. (4.2.9)]. It is highlighted that both of these structures
are model independent adaptive control strategies. In an attempt
to quantify the performances, experiments were conducted for
each case separately. When comparing the proposed controllers
in (15) and (42) with the adaptive neural network controller,
the control gains are adjusted as K, = diag{55,22} and K}, =
diag{65, 26}, respectively, so that similar amount of control
efforts were obtained which is quantified by the integral of norm
of the squared control input torque values. The performance
values of integral of the square of the norm of tracking error
and control input torque are presented in Table II. Based on
the performance measures, it can be said that the proposed
approach outperforms the controller when centers and widths
are not updated adaptively, as expected. When compared with
the one layer neural network based approach, it is wise to say
that at least comparable performances are obtained.

VII. CONCLUSION

In this article, task space trajectory tracking of robot manipu-
lators having uncertainties in their dynamic models was studied.
The dynamical uncertainties were considered to be modeled
with a fuzzy logic network. A nonlinear proportional derivative
controller was fused with an AFL component whose control
representative value matrix, centers, and widths of MFs were
obtained via dynamic update rules and thus avoiding the need for
offline learning phases. The stability of the designed controller
was proven via Lyapunov type arguments where UUB of the task
space tracking error was ensured. Experiment results obtained
from an in-house developed robot manipulator demonstrated
satisfactory task space tracking performance.

Another subject examined in this work was the case when
the Jacobian matrix includes parametric uncertainties. An
extension was presented where the parametric uncertainties in
the kinematic model avoided the Jacobian matrix to be used as
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part of the definition of the error like vector. The definition of
r(t) was modified and an adaptive update rule was designed
to compensate for the lack of accurate knowledge of kinematic
parameters. The control design was also modified accordingly.
Boundedness of the closed-loop system and practical track-
ing were proven via Lyapunov based tools. Experiments were
also performed where despite the lack of exact knowledge of
kinematic parameters satisfactory tracking performance was
achieved.

Finally, the first controller was extended to be applicable to
kinematically redundant robot manipulators. Specifically, the
Jacobian matrix being nonsquare avoided the auxiliary error like
vector to be used thus an extension with a pseudoinverse was
essential. While the control design and the stability analysis were
parallel to the first controller, an extended stability analysis was
performed for the secondary controller.

The main contributions along with the novelties of this study
are briefly summarized as follows. A novel self-adjusting AFL-
based controller was designed that does not require accurate
knowledge of robot dynamic model. The AFL terms were de-
signed as self-adjusting to improve their learning capabilities by
adaptively adjusting centers and widths of the MFs in a seem-
ingly novel departure from the existing results in the literature
where usually MFs with constant centers and widths are pre-
ferred. Additionally, as presented in Appendix X, a polynomial
MF structure is preferred as opposed to MFs that rely on ex-
ponential functions (such as Gaussian) or piecewise linear MFs
(such as triangular or trapezoidal). The piecewise linear MFs fail
to satisfy continuity which is usually required for many robot
control applications, and Gaussian type MFs may not change
significantly due to the spread of the exponential functions [40].
The first controller required accurate knowledge of the Jacobian
matrix, where as an extension a gradient based adaptive update
law was designed when Jacobian matrix includes parametric
uncertainties. The first controller was extended to be applicable
to kinematically redundant robot manipulators as well. Some
recent works on control of robot manipulators utilized fuzzy
logic based methods in designing the control input torques.
In [42] and [43], control of robots in joint space were aimed
while imposing constraints on the system states. Fuzzy logic
based tools were used in conjunction with the controllers but
centers and widths of the MFs were chosen as constants. In [44],
synchronization of robot manipulators in task space were stud-
ied. However, adaptive control strategy was adopted where
regressor matrices are required to be found for all robots in
the network. Similarly, in [17], the dynamical uncertainties are
required to satisfy the linear parametrization property. When
compared with [25], our proposed approach does not require
variable structure type components (i.e., signum of the error)
in the design of the control input torque. When compared with
relevant neural network based methods, the main advantage of
the proposed AFL compensation is the self-adjusting nature of
the membership value vector obtained by estimating its widths
and centers via the design of dynamic adaptive update laws in
(17) and (18). A possible future work may aim designing output
feedback versions of the controllers designed in this article that
is restricting the controller design via the unavailability of the
joint velocity feedback. It is important to note that since joint

velocity measurements are required for r(¢), which is used as
part of both the control input and the adaptive update laws, it
is not a straightforward task to make use of a velocity observer
in conjunction with the proposed controllers. Another possible
future research may be taking the constraints of the states into
account when designing the controller [42], [43].

APPENDIX A

EXTENSION TO KINEMATICALLY REDUNDANT ROBOT
MANIPULATORS

For a kinematically redundant robot manipulator, the end
effector position z(t) € R™ is obtained as

r = f(q)

where ¢(t) € R™ is the joint position vector for n > m and f :
R™ — R is the forward kinematics. The time derivative of (52)
yields

(52)

t=Jg (53)

where ¢(t) € R™ represents the joint velocity vector, @ () € R™
is the task space velocity vector and J(q) € R™*"™ denotes the
Jacobian matrix. Since n > m, J(g) is not square and thus a
pseudoinverse, shown with J*(q) € R™*™, is introduced as

Jtegrggn)-t (54)
which satisfies

JJt =1I,,. (55)

The pseudoinverse of the Jacobian matrix defined in (54) ensures
the Moore—Penrose conditions given in [1].

Remark 3: Similar to Remark 1, the pseudoinverse of the
Jacobian is considered to be available for all possible ¢(t) thus
all kinematic singularities are avoided a priori.

For kinematically redundant robot manipulators, the auxiliary
error-like term in (9) is defined as follows:

r & JV (&g + ae) + (I, — JTJ)g — g (56)

where o € R"*™ is a constant, positive definite, diagonal gain
matrix, and g(¢) € R™ is a subtask controller that will be de-
signed subsequently. Taking the time derivative of (56) and mul-
tiplying by inertia matrix M, the open loop error system is ob-
tained as in (11), where the auxiliary vector f (z, &, x4, 4, &q) €
R™ is now have the following form:

Fa M%[J*(;’cd +ae)+ (I — I 7))

+ C[J (i + ae) + (I, — JTJ)g] + G + Fg

which can be expressed using the fuzzy logic network in (13).
Based on error system development and subsequent stability
analysis, control input torque is designed as

r=JVe+ Kr+ UAJT&

(57)

(58)

Substituting the control input torque in (58) into the open loop
error system given in (11), the closed-loop error system is
obtained as

Mi=—-Cr—Ko—Jet+tet+wlo—u"o. (59
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The stability of the closed-loop system and UUB of the task
space tracking error are both ensured after making use of the
stability analysis detailed in Section I'V.

To make use of the extra DOFs for possible secondary control
objectives (such as singularity avoidance, joint limit avoidance,
upper bounding the impact forces, upper bounding the potential
energy [15]) subtask controller g(¢) will be designed and its sta-
bility will be also investigated via Lyapunov-based arguments.
It is essential to highlight that the secondary objective must
be designed while still ensuring the tracking control objective,
which is the main control objective.

The subtask controller is designed as
g=—k[Js(I, — JTJ)|" (60)

where ks € R is a positive gain and ys(q) € R is a positive
definite sub-task function designed as

ys = exp(—cip(q))

in which)(¢) € R is picked specific to the sub-task and J,(¢) €
R™ is defined as

(61)

Jdy
Jo &= 62
3 (62)
Differentiating (61) and then substituting (56) and (60) yields
o = =k |[Js(In = TH D) ys + JoJ T (a + a€) — T,
(63)

To investigate the stability of the subtask controller, a Lyapunov

function, shown with V;(ys) € R, is introduced as

al g
64

595 (64)

provided the boundedness of the closed-loop system and

|Js(I, — JTJ)|| > 0 is ensured, the time derivative of the
Lyapunov function is obtained as

Vi, &

Vi< -yl +w (65)

for some positive constants x and c. Substituting (64) into
the right-hand side of (65) and then solving the differential
inequality yields

w0l <\ [EOep-2 + 5 6o
where UUB of y; is ensured thus meeting the secondary control
objective, in addition to the task space tracking control objective.

APPENDIX B
PROPERTIES OF AFL STRUCTURE

The MFs used in (13) is detailed in this part. First, one
dimensional MF is presented on the interval of [u;, u;4 2] such
that Lj : [uj,ujH] — R and Rj : [uj+1,uj+2] — R are, re-
spectively, left and right functions given as
Lj(x) if & € [uj, ujqq]
Rj(z)if x € [ujq1, ujp2] -

0 otherwise

0j(x) = (67)

The given left and right functions provide the following
features L;(u;)=0, L, (uﬁl)_l, Tt 2= uj:dL

@ |
T=ujpn T

~~. Left Function

— — — - Right Function

Fig.7. 1-DMFforA=2,p=0.

dR; dR

0, Rj(ujt1) =1, Rj(ujs2) = 0, Tt lomu, 1 = “Fr lo=u; 0 =
0. To satisty the above conditions, a third-order polynomial of
the form a, b, ¢, d scalar coefficients of az® + bz? + cx + d can
be used both left and right for functions. An example function
¢; for u; = —1, uj11 =0, uj1o = 1 is shown in Fig. 7. The
multidimensional MFs are defined based on the 1-D MF given
in (67). In particular, (., (x1) = ¢1.m(P1,m — A1,ma;) where
Dim and A; ,, is the center and width of the MF via the /th
input for the mth MF as

1.m (Prym — Aim21)
L (p1,m — Dimar) if prm — Ay € [—1,0]
= Ru(prm — Dim@1) if prom — Apmrr € 10,1] (68)
0 otherwise
for any input given as x = [x1,...,2,]T € R". The
output of multidimensional fuzzy network g(x)=
[g1(), ..., gm(2)]T € R™ is obtained as
N,
gk(l' Z Zwk (.717 7]n)'u’.717 ( ) kil,...,m
Jn=1 Jji=1
(69)
where V; ¢+ = 1,...,n denote the number of fuzzy rules and
Wiy ogn (@) = p1 j, (1) -+ - fn 5, (z4,) in which the multiplica-

tion operation is used to make inferences from fuzzy if-then
rules in connection rules between each input of MFs. An esti-
mation of the entries of g(z) presented in (69) is obtained as

Z Wy, (15 in) .

Ji=1

N,

gr(x) = Z

Jn=1

(@) (70)

which can be introduced in matrix vector form as g(x) =
w"'o(p, A, ).
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