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Abstract: In this paper, a new adaptive-robust control approach for robot manipulators is developed. The adaptive-
robust control law is not only robust to unknown structured parameters but also robust to unknown unstructured
parameters such as unstructured joint friction and disturbances. The bounded disturbances and unstructured model are
taken into account in a dynamic model and it is assumed that the structured and unstructured parameters are unknown.
The structured and unstructured parameters are distinguished between parameters and these parameters are treated
separately. Next, new parameter estimation functions are developed for each of the 2 uncertainty groups. After that,
the developed dynamic adaptive compensators for the unknown structured and unknown unstructured parameters are
combined and the control law is formulated by the combination of the compensators, including the proportional-derivative

feedforward control. Based on the Lyapunov theory, the uniform ultimate boundedness of the tracking error is obtained.

Key words: Robust control, adaptive control, adaptive-robust control, robot control, parameter estimation, uncertainty

bound estimation, Lyapunov stability

1. Introduction

Numerous adaptive and robust control methods have been developed in the past in order to increase tracking
performance in the presence of parametric uncertainties. Most adaptive controls, like most parameter adaptive
control algorithms, may exhibit poor robustness to unstructured dynamics and external disturbances. Some
adaptive control laws, like most parameter adaptive control algorithms for robot manipulators, are given in
[1-6].

Robust control laws are used for parametric uncertainty, unstructured dynamics, and other sources
of uncertainties. Leitmann [7] and Corless and Leitmann [8] gave a popular approach used for designing
robust controllers for robot manipulators. Some robust control laws developed based on the approaches
by Leitmann [7] and Corless and Leitmann [8] are given in [9-11]. However, disturbance and unstructured
dynamics are not considered in the algorithms in [9-11]. Danesh et al. [12] developed Spong’s approach [9]
in such a manner that the control scheme is made robust not only to uncertain inertia parameters but also
to unstructured dynamics and disturbances. A robust control approach was proposed by Liu and Goldenberg
[13] for robot manipulators based on a decomposition of model uncertainty. In [13], parameterized uncertainty
was distinguished from unparameterized uncertainty and a compensator was designed for parameterized and
unparameterized uncertainty. A decomposition-based control design framework for mechanical systems with

model uncertainties was proposed by Liu [14].
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An adaptive scheme of the uncertainty bound was developed in [11,15-17] in order to increase the tracking
performance of uncertain systems. However, a method for the derivation of the adaptive uncertainty bound
estimation law was not previously proposed. A method for the derivation of the uncertainty bound estimation
law was proposed in [18]. In this method, functions depending on robot kinematics and tracking error, and
integration techniques, can be used for the derivation of uncertainty bound estimation laws. However, bad
transient behavior was obtained in the transient state and chattering was observed in the tracking performance in
[15-19]. A parameter and uncertainty bound estimation functions were developed in [19] in order to improve the
tracking performance of robust controllers [9,15-18], and bad transient behavior and chattering were eliminated.
In [19], only a structured dynamic model was considered, and bounded disturbances and an unstructured model
were not taken into account in the dynamic model. Nominal control parameters and the upper uncertainty
bound on parameters are required to be known a priori and a compensator for bounded disturbances and an
unstructured model was not designed.

In this paper, a new adaptive-robust control law is considered robust to unknown structured and un-
structured parameters, such as joint frictions and disturbance. The bounded disturbances and unstructured
model are taken into account in a dynamic model. It is assumed that the structured and unstructured param-
eters are unknown. The structured and unstructured parameters are distinguished between parameters and
these parameters are treated separately. Next, the adaptive dynamic compensators are developed for each of
the 2 uncertainty groups. After that, the compensators for the unknown structured and unstructured param-
eters are combined and the control law is formulated by the combination of the compensators, including the
proportional-derivative feedforward control. In previous studies [13,14], robust control input for unstructured
parameters were designed. However, the upper uncertainty bound on structured and unstructured parametric
uncertainties are known to be a priori and a variable function has not been used for designing the compensators
for unstructured parameters. The inertia parameters and the uncertainty bound on parameters are adaptive
in adaptive-robust control laws [20-22]; however, the inertia parameters are assumed to be known initially and
they exist in the control law. In this paper, the structured and unstructured parameters are unknown and the
inertia parameters and the upper uncertainty bound on the structured and unstructured parameters do not
exist in the control law. In addition to these, a parameter estimation function is developed for the unstructured
parameters, and the unstructured parameters are estimated with the estimation law in order to compensate for
joint friction and external disturbance. Based on the Lyapunov theory and the Leitmann [7] or Corless and

Leitmann approach [8], uniform ultimate boundedness of the tracking error is obtained.

2. Design adaptive dynamic compensators for the structured and unstructured parameters

The dynamic model of an n-link manipulator can be written as:
M(q)i+ Clq: )i+ Glg) +d = (1)

Here, q denotes the generalized coordinates, 7 is the n-dimensional vector of the applied torques (or forces),
M(q) is the n x n symmetric positive definite inertia matrix, C(g,¢)¢ is the n-dimensional vector of the
centripetal and Coriolis terms, G(q) is the n-dimensional vector of the gravitational terms, and d is the
unstructured parameters, such as the joint frictions and disturbances at the joints. Eq. (1) can be written

in the following form:

Y(q,4,§)m+d=r. (2)
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Here, 7 is a p-dimensional vector of the inertia parameters. For any specific trajectory, the desired position,

velocity, and acceleration vectors are qg4, ¢4, and §g. The measured actual position and velocity errors are

§=qa—q and § = §q — ¢. Using the above information, the corrected desired velocity and acceleration vectors

for nonlinearities and decoupling effects are proposed as:

Gr = qa+ NG Gr = Ga+ Aq. (3)

The error ¢ is given as:
0= —4=q+Ag, (4)

where A is a positive defined diagonal matrix. The following adaptive control is then defined [23]:

T = Mi(q)q, +Ci(q, )¢+ Gi(q) + Ko

, 5
= Y(Q?Q?QTvdr)ﬁl+K0’ ( )

where K is a positive defined diagonal matrix. In order to increase robustness to the parameterized and
unparameterized model uncertainty, and disturbances at the joints, the following control law is proposed in

terms of the adaptive control such that:

T = Ta + Y(Q?Q?QTvdr)(ul +u2) +Ud
Mi(q)d, + Ci(q, 9)dr + G1(q) + Ko +Y(q,4,4,,d,)(ur + uz) + uq , (6)
Y(Q?Q?QTvdr)(ﬁ-l + uy +u2) + uq + Ko

where u; and us are additional inputs designed to be robust to the unknown structured parameters, and uy
is designed to be robust to unstructured parameters such as joint frictions and disturbances. Substituting Eq.

(6) into Eq. (1), the following is yielded after some algebra:

M(Q)O' + C(Q» Q)O' + Ko = —Ml ((])(jT — él (q, q)qr — él(Q) — Y'(q7 q7 qr’ (jr)(ul + U2) —ug + d
= _Y(qvq'vq'Tvdr)(ﬁ-'i_ul‘i‘UQ)_Ud+d

(1)
where 7 is the parameter error and is defined as [23]:
T = 7AT1 - T. (8)
The modeling error is [23]:
Mlel—M; C‘lzél—C; élzél—G. (9)

In addition to these, the estimation of second parameter 7o and the estimation of uncertainty bound p are

defined. Considering 7o and p, a new parameter error vector 6 is defined as:
0 =ity — p. (10)
The unstructured model uncertainty and disturbances at the joints d are not constant but are bounded as:
dll < pax- (11)
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Since pg1 €R is assumed to be unknown, pg1 should be estimated with the estimation law to control the system

properly. pg1 shows the estimate of pg1 and pg; is the estimation error. jg1 is defined based on [11] as:
Pd1 = pd1 — Pdi- (12)

In order to define a new controller, the following theorem is given.

Theorem 1 Let €q > 0. Considering the control law defined in Eq. (6), the control inputs 1, u1, ue, and
uqg are defined as:
ipa i loll > e A A

Ug = ;o T =IYT0; wg =7 ux = —p, (13)
Zpa if ol <eq

where 71 and Ty are the estimation of the structured parameters and p is the estimation of the uncertainty
bound of the unknown structured parameters. The dynamic compensators for the unknown structured parameters

o and p are defined as follows:
ro; = (82 Ja;) Sin(2a / YTodt);;  pi = NiCos(a / YT odt),. (14)
Uncertainty bound estimation laws for the unknown unstructured parameters are defined as:

i 2
par =bi|oll;  paz = w—(e_” lolldt — e=27 ety py = par + pas, (15)
Y
where by € R and ¢, 8, o, X\, and v € R are the adaptation gains. If the control inputs 71, uy, us, and ug
are substituted into the control law of Eq. (6) for controlling the robot manipulators, then the tracking errors q
and qwill converge to 0.
Proof In order to prove the theorem, a Lyapunov function is defined as:
V(. 4,0.0,p0,) = Lo"M(q)o+ 3¢"Bg+ i7IT 1% + 1670 "
a5 + 307 2 0

where ¢ is a time-dependent function and changes with time. The time derivative of V along the system in Eq.
(7) is:

V = oTM(q)s+ %O'TM((])O' +¢"Bq + ro | a7
AT T + parby par + Paeddpaz + Pazd®paz
Substituting Eq. (7) into Eq. (17), the result is:
V = oT[iM(q) - C(q,d))o — 0T Ko + §"Bg — o7Y (u; +uz) + 7] [[ 171 — YT0] 1
—~0Tug — (pgy — par)by *par + od + 670 + Pazddiaz + Pazd?paz 1
Note that g1 = —ﬁdl since pq1 is a constant. The adaptation law is chosen such that:
Yio - T 17, =0. (19)
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That is [23]:
=IY7o. (20)
Note that 7; = 7, since 7 is a constant. Next, the term in Eq. (18) will be 0 such that:
7y e - ') = 0. (21)

Taking B = 2AK, using the property o7 [M(q) — 2C(g, ¢)]o = 0¥o € R™ [2,23], and substituting pa1 = by ||o||
from Eq. (15) into Eq. (18), Eq. (18) becomes:

’ S ~_ T T

V = —q¢ KG—q§ AKAG—0"Y (uy +uz) — o' uqg — ||o|| par

+ ol par +oTd + 070+ pasddpaz + pasd?baz

2.1. Adaptive compensators for the unknown structured parameters

As seen from Eq. (22), there are relationships between the control inputs uq, us, and uy and the time-dependent

function éTé The time-dependent function 676 is defined as:

676 = [(262/a)sin(a/ (YTadt)) — A2/ (26)%. (23)
Next, éTé is obtained as:
079 = [(2%/a)sin(a [ (YTadt)) — A cos(a [ (Y Tadt))(Y o)
= [(262/a)sin(a [ (YTadt)) cos(a [ (YT adt)) — Acos(a [ (YTodt)](YTo) - (24)
= olY(my —p)
The control parameters are defined in Eq. (13) such that uy = &3 and uz = —p. Substituting the control

parameters u; = 7 and ug = —p from Eq. (13) and Eq. (24) into Eq. (22), the following equation is obtained:

y T . T N R . R )
V. = —¢ Kq—q AKAG—0"Y (72— p) + oY (7 = p) + 0" ua — |0l par + o7d (25)
+ ol par + pAdz(b(ZBpAdz + ﬁd2¢2,5d2

As seen from Eq. (25), the third and fourth terms are canceled out by each other and then Eq. (25) is arranged
as:

. 3 AN T ~ ~ ~ R ~ X
V==4 Ki—q§ AKAG— ||o|| par + |lo]| par + 0" d — 0" wa + pazddpaz + pazd’pa- (26)

2.2. Adaptive compensators for the unknown unstructured parameters and disturbances

In order to design uncertainty bound estimation functions for the unknown unstructured parameters, the
function ¢ is defined as:
e [ lolldt

b= (27)
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There is no certain rule for the determination of ¢ for the control input uy that satisfies V' < 0. System state

parameters and mathematical insight are used to search for the appropriate function of ¢ to prove the theorem.

From Eq. (15), pg2 and ﬁdz are written as:

2 2

par = (e oldt _ =2y [ oy Ao Y [ lolldt | gg=2v f oty (o 5], (28)
Y Y

If pao, paz, ¢, and ¢ are substituted into Eq. (26), the term ,632(;5(;'5 + paz pazd? will be written as:

P00 + paspard® = Yp(emn It — =2 [ lloldty 22y [lldt(y o)

ﬁ(e—vf llolldt _ g=27 [ llolldt)y,=2¢2y [ llolldt(_e=v [ llolldt 4 9=27 [ llolldt)(~ 4]
v

+

4
(e—2vf lolldt _ 9e=3v [ llolldt 1 =4 [llolldt _ o—2v[ [lo]ldt

QN|€

+3e737 S llolldt_ge =47 [ llolldtyy =22y [ liolldt (| 5] )

_ w_z(e—vf lolldt _ —2v Haudt) ]|
¥

(29)
Next, Eq. (26) is obtained as:
Vo= =i Ki-q AKAG— o] par +0Td+ o] par — 0w+ (e T I1 2 flelldty o)
T2 T - R R
< —q Kq—q AKAG+ o]l ([ld]| =par) + o]l par — 0T ua + [[o]| a2 (30)
T . T - R R 7
< —q¢ Kq—q§ AKAG+ o]l (par + paz) — 0" ua
T 3 T ~ ~
< —¢ Kqg—q AKAG+ ||o|| pa — 0T uq
where pgo = %2(6_"” lolldt _ g=2v ] H"“dt) and pg = pa1 + paz. Two cases are considered for proof of the
theorem.
Case 1. ||o|| > 4.
For Case 1, the control input is defined as ug = ﬁﬁd. Next, Eq. (30) is obtained as:
. T - T N R oTop
V. = —q Kq—q AKAG+||oll pa — T2 (31)

T . T . . R '
< —q¢ Kq—q AKAG+ o]l (pa — pa) <0

Since K and A are the positive definite matrices, V <0 and the system is stable. Eq. (16) shows that V is a
positive continuous function and V tends to be constant as ¢t — 0o, and therefore V remains bounded. Thus, ¢
and ¢ are bounded; that is, ¢ and ¢ converge to 0 and this implies that ¢ is bounded and converges to 0. As
a result, f YTodt is bounded and converges to a constant. The trigonometric functions are bounded, implying
that 71, 72, p, and pg are bounded.
Case 2. |o]| <eq4.
For Case 2, the control input is defined as ug = %ﬁd. Next, Eq. (30) is obtained as:
Vo< =i Ki—@ AKAG+ o]l pa— o Zpa
. (32)
< =i Ki—q AKAG+ o] (pa — 12p0)
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This last term achieves a maximum value of ep4 /4 when ||o||=¢/2. We have:

V< —2TQx + Ed% <0, (33)

where 27 = [¢7, "] and Q = diag[AKA, K], provided that:

2T Qx> Ed%» (34)
using the relationship:
5minQ S :L'TQ:E S 5maan (35)

where 0pmin (Q) and dmq. (Q) denote the minimum and maximum eigenvalues of Q, respectively. It can be

obtained that V <0 if:

uin@ |2]* 2 ea . (36)
It is shown that V < 0 for |[x||> w, where:
€dpPd
zl| > | ————— = w. 37
ol > | oo 37)
T=Y(q,4,4,,q,) [T + (62/a)Sin(2a/YTodt) - )\Cos(a/YTadt)] +ug+ Ko. (38)
The resulting block diagram is given in Figure 1.
dq + ar
+
o
a
2a

Manipulator o,

-y exp(.)

-2y exp(.)

Figure 1. Block diagram of the adaptive-robust control law in Eq. (38).
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Let S,, denote the smallest level set of V containing B(4), the ball of the radius w, and let B, denote the
smallest ball containing Ss. Next, all of the solutions of the closed system are of uniform ultimate boundedness

with respect to B,.. The situation is shown in Figure 2. All trajectories will eventually enter the ball B,.; in

fact, all trajectories will reach the boundary of S5 since V is defined as negative outside of Ss. Note that the
radius of the ultimate boundedness set, and hence the magnitude of the state tracking error, are proportional

to the product of uncertainty bound and the constant 4 [24].

B: Sw

N

Figure 2. The uniform ultimate boundedness set. Since V is negative outside the ball B, all trajectories will eventually
enter the level set S5, the smallest level set of V containing Bs. The system is of uniform ultimate boundedness with

respect to B, the smallest ball containing S., [24].

3. Simulation results

Figure 3. Two-link planar robot [25].
The matrix M(q), C(q,q), and the vector G(q) in Eq. (1) are given by [25]:

(my + mg)l% + mgl% ~+ 2milyls cos g2 mgl% + malyla cos g 1

M(Q)Zl

mgl% + malyla cos g mgl%

C . —m21112 (2(]2) sin q2 —mglllg(jg sin q2 )
N mglllgq'g sin q2 0 '
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G- (m1 + ma)geli cos q1 + magela cos(qr + g2) (30)
magela cos(q1 + g2)
With this parameterization, the dynamic model in Eq. (2) can be written as:
=Y (q,d,d)r — l Y1 Y12 Y13 Y14 Y15 Yie 17T (40)
Y21 Y22 Y23 Y214 Y25 Y26
where m =[ m; 7o 73 74 m5 76) L . The robot link parameters are:
m = (m1 +m2)l3, o =mal3, 73 =malil, (1)
g =mily, 75 =mal;, me=mals.
The components y;; of Y(¢,4,§) in Eq. (40) are given as:
yi1 =y yie =G+ o yis = cos(qy)(24, + d2) — sin(gy) (@ + 2d142);
Y1a = gecos(q1); Y15 = gecos(q1); Y16 = ge co8(q1 + q2);
yo1 = 0522 = G + (o3 Y23 = c08(q,)dy + sin(g,)(47);
Youa =0; ya5  =0; Y26 = gecos(q1 + g2). (42)
Y(q,4,4q,,d,) in Eq. (2) has the following components:
Y11 = Gr1; Y12 = Gr1 + Gr2;
Y13 = 05(q,) (24,1 + Gr2) — sin(q,) (4, dr2 + d1Gr2 + d2r2);
Y1a = gecos(q1); Y15 = gecos(q1); Y16 = ge co8(q1 + q2);
Y21 =0; Yoo = gr1 + Gr2; Y23 = c08(qy)d,q + sin(qy)(d,4r1);
You = 0;  yo5 =0;  ya26 = gecos(q1 + q2)- (43)

In order to investigate the performance of the proposed control law, computer simulations are carried out
for 4 cases, which are given below.

Case 1. =0, A= 0, and ug = 0. In this case, the pure adaptive control law [23] is obtained and the
control input in Eq. (38) is obtained as:

T=Y(q,4,4,,d,)71 + Ko. (44)

Case 2. 0 = 0 and A = 0. A pure adaptive control law with an unstructured model uncertainty

compensator is obtained. In this case, the control input in Eq. (38) is obtained as:
T :Y(Q»Q»QT»QT)ﬁl +Ud+K0'. (45)

Case 3. uy = 0. In this case, an unstructured model uncertainty compensator u,y is not considered.
Only the adaptive control law with structured uncertainty compensators is considered and the control input in
Eq. (38) is obtained as:

=Y(q,4,4,,4,) 71 + (8*/a;)Sin(2a [ YT adt) — ACos(a [ YT odt)] + Ko . (46)

460



BURKAN/Turk J Elec Eng & Comp Sci

Case 4. The adaptive control law in Eq. (38), with compensators for structured and unstructured
dynamics, is used.

For computer simulation, the desired trajectory for both joints is defined as q1 = q2 = 2Cos(t)-2. The
simulations have been done under robot parameters such as 1y = lo = 1, m; = 3, mo = 15. In order to
investigate the performance of the proposed adaptive-robust controller, each control law with the same control
parameters, such as K = diag(25 25) and A = diag(25 25), is applied to the same model system using the same
trajectory. The disturbance torque is defined as d = 20sin(10t) at each joint. The control parameters A and K

are chosen to be identical, while the control parameters I', «, 3, by, A, ¥, and 7 are changed. The obtained
results are given in Figures 4-6.

0.15 —
— 600
0.1
400
S 005 _
o 200
g 0¥ =
2 005 g \VARA" k
g g \W
e 5]
0.1 -200 AW
—0.15 400 V
020705 T 15 2 25 3 35 4 45 5 05T 15 5 25 3 35 4 45 5
Time (s) a Time (s)
0.06 . .
— el
0.04
_ 400
kel
]
S 0.02 —~ 300
g Z
5 < 200
2 ol e 2
£ e A =
B 5 100
= g
—-0.02 e 0
-100
-0.04
-200
-0.06 _
0 05 1 15 2 25 3 35 4 45 5 0 G605 T 15 2 25 3 35 4 45 5
Time (s) b Time (s)

Figure 4. a) Response using the adaptive control law in Eq. (44) [23] for Case 1, for A = diag([25 25]), K = diag([25
25]) with a disturbance torque d = 20sin(10t) at each joint, and b) response using the adaptive control law in Eq. (45)

for Case 2, for A = diag([25 25]), K = diag([25 25]), I' = 1, b1 = 20, ¢ = 12, and v = 0.2 with a disturbance torque
d = 20sin(10t) at each joint.
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Figure 5. a) Response using the adaptive-robust control law in Eq. (38) for Case 4, for A = diag([25 25]), K = diag([25
25]), '=1, a= 12, 3= 18, by = 15, A= -15, ¢ = 12, and v = 2 with a disturbance torque d = 20sin(10t) at each
joint, and b) response using the adaptive control law in Eq. (38) for Case 4, for A = diag([25 25]), K = diag([25 25]),
I'=1, a=12, 8= 18, by = 15, A= —15, ¥ = 12, and v = 2 without a disturbance torque d = 0 at each joint.

As shown in Figure 4, the tracking performance is poor in the case where the pure adaptive controller
in Eq. (44) is used. The steady state response of the pure adaptive controller is improved and the disturbance
is rejected with the additional control input uy for Case 2. As shown in Figure 5, the transient and steady
state performance of the system is improved and the disturbance torque is rejected by the proposed adapted
control law in Eq. (38). Figure 6 shows the tracking performance of the control law in Eq. (46) for Case 3 with
and without the disturbance torques in the joints. The pure adaptive-robust controller in Eq. (46) is robust
to the structured unknown parameters but showed poor robustness to the unstructured unknown parameters
and external disturbances. The proposed control law in Eq. (38) also seems to be more attractive where
the robustness to disturbance and the unstructured dynamics are concerned and the unstructured parametric

uncertainty is large. For explanations, estimation of the parameters and uncertainty bound parameters are
given in Figures 7-12.
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Figure 6. a) Response using the adaptive control law in Eq. (46) for Case 3, for A = diag([25 25]), K = diag([25 25]),
F=1a=12 #=18,b;1 =0, A = -15, ¥ = 0, and v = 0 with a disturbance torque d = 20sin(10t) at each joint,
and b) response using the adaptive control law in Eq. (46) for Case 3, A = diag([25 25]), K = diag([25 25]), I" = 1,
a=12, = 18,b1 = 0, A= —-15, v = 0, and v = 0 without a disturbance torque d = 0 at each joint.

Parameter estimation laws for unknown structured and unstructured parameters 71, 72, p, and pg are
estimated with estimation laws in order to reduce the tracking error. As shown in Figures 7-12, the values of
71 for the structured parameter are large for the pure adaptive control law in Eq. (44). The values of 7 for
the structured parameter are small and the value of pg for the unstructured parameter is large for Case 2. The

values of 71 are very small and 72, p, and pg are estimated properly for the proposed adaptive-robust control
law in Eq. (38).
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Figure 7. Estimation of the adaptive-robust control law in Eq. (44) [23] for Case 1, for A = diag([25 25]), K = diag([25

25]) with a disturbance torque d = 20sin(10t) at each joint.
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Figure 8. Estimation of 7; for the adaptive-robust control law in Eq. (45) for Case 2, for A = diag([25 25]), K =
diag([25 25]), I'= 1, by = 20, ¢ = 12, and v = 0.2 with a disturbance torque d=20sin(10t) at each joint.
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Figure 9. Estimation of 7; for the adaptive-robust control law in Eq. (38) for Case 4, for A = diag([25 25]), K =

diag([25 25]), '=1, a= 12, 8= 18, by = 15, A= —15, ¢ = 12, and v = 2 with a disturbance torque d = 20sin(10t)
at each joint.
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Figure 10. Estimation of #2 for the adaptive-robust control law in Eq. (38) for Case 4, for A = diag([25 25]), K =
diag([25 25]), ' =1, a = 12, = 18, b1 = 15, A = —15, ¢ = 12, and vy = 2 with a disturbance torque d = 20sin(10t)

at each joint.
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Figure 11. Estimation of p for the adaptive-robust control law in Eq. (38) for Case 4, for A = diag([25 25]), K =
diag([25 25]), '=1, a= 12, 8= 18, by = 15, A= —15, ¢ = 12, and v = 2 with a disturbance torque d = 20sin(10t)

at each joint.

In order to investigate the performance of the proposed controller, another simulation is carried out with
a different disturbance torque and sensor noise. The disturbance torque is defined as d = 15Sin(10t)-12 at each
joint. It is assumed that the sensor cannot measure the position and velocity precisely and there is a difference
between the actual and measured values of the position and velocity. The differences between the measured
and actual values of the position and velocity are defined as (0.002)sin(10t)-0.001 for each joint. The obtained
result is given in Figure 13.

As shown in Figure 13, the proposed control law can compensate for different external disturbances and
sensor noises.
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Figure 12. a) Estimation of pq for the adaptive control law in Eq. (45) for Case 2, for A = diag([25 25]), K = diag([25
25]), I'=1, by = 20, ¢ = 12, and v = 0.2 with a disturbance torque d = 20sin(10t) at each joint, and b) estimation
of pgq for the adaptive-robust control law in Eq. (38) for Case 4, for A =diag([25 25]), K = diag([25 25]), ' =1, a =
12, =18, b1 = 15, A= —15, ¢ = 12, and v = 2 with a disturbance torque d = 20sin(10t) at each joint.

x 1073
12 ; 300 —
el Joint1
10§ H—T—T—T— ), [ ANy PN R (R IR I B e Joint2
gl i 200 A
E 6 : N I .“ 3 /é\ 100 E W o e _ :
AL Al z U ; : :
é 0 E»"\VQ/\ : / /] \ § \/ b
= A N o N
= / .15 ¥ & 100 S =N
Ll i L
! 2200
-6
-8 300
05 1 15 2 25 3 35 4 45 5 05 T 15 2 25 3 35 4 45 5
Time (s) a Time (s)
10 107 300
: el A Joint1
g p—— L L L e e2f il Joint!
— 200 JAN
g LAl T
= Z 100 il A .
b5} 2 \ Y
ke = \ :
g = R v V v\
- (=] N N
= = ~100 ».“ ," — r\_/
-200
—6 :
0 05 1 15 2 25 3 35 4 45 5 S5 T 15 2 25 3 35 4 45 5
Time (s) b

Time (s)
Figure 13. a) Response using the adaptive-robust control law in Eq. (38) for Case 4, for A = diag([25 25]), K =
diag([25 25]), ' = 1, a = 12, 8 = 18, by = 15, A = —15, ¢ = 12, and v = 2 with a disturbance torque d =
15Sin(10t)-12 at each joint, and b) response using the adaptive control law in Eq. (38) for Case 4, for A = diag([25 25]),
K = diag([25 25]), ' =1, a = 12, 8 = 18, by = 15, A = 15, ¢y = 12, and v = 2 with a disturbance torque d =
15Sin(10t)-12 with a sensor noise (0.002)sin(10t)-0.001 at each joint.
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4. Conclusion

In this paper, a new adaptive-robust control approach for robot manipulators was developed in order to improve
tracking performance in the presence of unknown structured and unstructured parameters such as joint friction
and disturbances. The bounded disturbance and unstructured model were taken into account in a dynamic
model. It was assumed that the structured and unstructured parameters are unknown and a priori knowledge
is not required. In order to investigate the effect of the control parameters I'; «, 8, by, A, ¥, and v on the
tracking performance, the control parameters A and K were chosen to be identical, while the control parameters
T', a, B, b1, A, ¥, and v were changed. A computer simulation was carried out under the same conditions
with the same control parameters: K = diag(25 25) and A = diag(25 25). The tracking performance of the
system was changed according to the values of control parameters «, 8, by, A, ¢, and . The values of «, 3,
b1, A, ¢, and « can be selected from 1-15, 1-20, 1-20, (-1)—(-20), 1-20, and 1-4, respectively. The control
law had better performance with the control parameters I' = 1, a = 12, 8= 18, by = 15, A = —15, ¢ = 12,
and v = 2, and the obtained results were given in the Figures. As shown in the Figures, the tracking error was
very small, the values of 7y were very small, and the values of p and p; were large compared to 71 for the
proposed adaptive-robust control law in Eq. (38). These results show that proper estimation of the unknown
structured and unstructured parameters was achieved and the disturbances and joint frictions were rejected by

the proposed adaptive-robust controller.

5. Discussion

The adaptive control law [2,23] is used for large uncertainties but it is a pure unknown dynamic model and
external disturbance [9]. Moreover, obtaining the best tracking performance is not possible for the pure adaptive
control law in Eq. (44). In the pure adaptive control law in Eq. (44) [2,23], only the parameter estimation law
is considered and the estimation of 7 is given in Figure 7, where the values of 7; are large and, as a result, a
large tracking error is obtained. In order to obtain a small tracking error, the dynamic compensators must be
estimated properly. However, a large dynamic compensator 71 causes a large tracking error and, as a result,
obtaining a small tracking error and proper estimation for 77 is not possible in the pure adaptive control law
in Eq. (44). The closed system is stable and ¢ and ¢ converge to 0, and this implies that o is bounded and
converges to 0. As a result, Y7o converges to 0 and f YT odt is bounded and converges to a constant. However,
f YTodt changes slowly and f YTodt does not converge to its true value, that is, the most appropriate value
that forces the tracking error to be minimum. As a result, a bigger tracking error and bigger 7; are obtained.
The aim of this study was to obtain a small tracking error and, at the same time, to design a proper dynamic
compensator. For this purpose, new parameter and bound estimation laws for the pure adaptive control law
were considered in order to reduce the tracking error. When Y7o converges to 0, S Y7Todt changes very slowly

and a small tracking error and small f YTodt are obtained. The control parameter f YTodt is very small

and the dynamic compensators (3?/a)Sin(2« [ Y7 odt) and ACos(a [ YTodt) are estimated properly. The
values of 7o and p can be adjusted by changing the control parameters «, 3, and A to the appropriate values.
The dynamic compensators 71, 72, and p converge to their true values fast, and, as a result, the tracking
error is very small and obtaining better tracking performances is possible. As shown in Figures 7, 8, and 9,
the estimation of 71 is very small and 72, p, and pg change over time. These results show that the proper
estimation of 71, 72, and p are achieved.

Development of the estimation function for the unknown unstructured parameters has not been considered

before. In this paper, development of the estimation functions for the unknown unstructured parameter was
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considered in order to compensate for external disturbances and joint frictions. In the design, a variable

. Izllde . . .
function ¢ = % is used and the unknown unstructured parameters are estimated as a function of

Pd2 = %2(6_"” llolldt _ g=2v f lelldty | Tn previous studies [12-14], compensators for the unstructured parameters
were developed. However, the upper uncertainty bounds on the unstructured parameters are constant; they are
a known a priori and the values of the compensators are changed depending on . When o approaches 0, the
value of the compensator for the unstructured parameters will decrease and go to 0. As a result, the values of
the compensators for the unstructured parameter decrease and better compensation cannot be achieved. In this
paper, a new uncertainty bound estimation law for the unstructured parameter was developed. In the design, a
variable function is used and a proper uncertainty bound on the unstructured parameter is achieved. When o

goes to 0, f |lo||dt goes to a constant. If the tracking error is too small, o will also be too small, and as a result,
J llo||dt will converge to a small constant value. However, the exponential function depending on [ ||lo||dt will
not be very small. As a result, a small tracking error is obtained and the proper estimation of p; is achieved.
The unknown structured and unstructured parameters are compensated well and better tracking performance

is obtained for the proposed adaptive-robust control law in Eq. (38).
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