We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



A Regressor-free Adaptive Control for
Flexible-joint Robots based on Function
Approximation Technique

Ming-Chih Chien and An-Chyau Huang
Name of the University (Company)
Country

Abstract

An adaptive controller is presented in this paper to control an n-link flexible-joint
manipulator with time-varying uncertainties. The function approximation technique (FAT)
is utilized to represent time-varying uncertainties in some finite combinations of orthogonal
basis. The tedious computation of the regressor matrix needed in traditional adaptive
control is avoided in the new design, and the controller does not require the variation
bounds of time-varying uncertainties needed in traditional robust control. In addition, the
joint acceleration is not needed in the controller realization. Via the Lyapunov-like stability
theory, adaptive update laws are derived to give convergence of the output tracking error.
Moreover, the upper bounds of tracking errors in the transient state are also derived. A 2
DOF planar manipulator with flexible joints is used in the computer simulation to verify the
effectiveness of the proposed controller.

Keywords: Adaptive control; Flexible-joint robot; FAT

1. INTRODUCTION

In practical applications, most controllers for robot manipulators equipped with harmonic
devices are based on rigid-body dynamics formulation. To achieve high precision tracking
performance, the joint flexibility should be carefully considered.! However, the modeling of
flexible-joint robots is far more complex than that of rigid-joint robots. Besides, the
mathematical model of the robot inevitably contains model inaccuracies such as parametric
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28 Advances in Robot Manipulators

uncertainties, and unmodeled dynamics. Since these inaccuracies may degrade the
performance of the closed-loop system, any practical design should consider their effects.
Under the problems of joint flexibility and model inaccuracies, several strategies based on
adaptive control or robust control for flexible-joint robots had been proposed.

Spong?3 proposed an adaptive controller for flexible-joint robots by using the singular
perturbation formulation. Chen and Fu# presented a two-stage adaptive control scheme for a
single-link robot based on a simplified dynamic model. Khorasani> designed an adaptive
controller using the concept of integral manifolds for n-link flexible-joint robots. Without
using the velocity measurements, Lim et. al.® proposed an adaptive integrator backstepping
scheme for rigid-link flexible-joint robots. Dixon et. al.” designed an adaptive partial state
feedback controller by using a nonlinear link velocity filter. Yim® suggested an output
feedback adaptive controller based on the backstepping design. Kozlowski and Sauer®10
suggested an adaptive controller under the assumption of bounded disturbances to have
semiglobal convergence. Tian and Goldenberg!! proposed a robust adaptive controller with
joint torque feedback. Jain and Khorrami'? suggested a robust adaptive control for a class of
flexible-joint robots that are transformable to a special strict feedback form. However, like
most adaptive control strategies, the uncertainties should be linearly parameterizable into
regressor form!3. Availability of the regressor matrix is crucial to the derivation of adaptive
controllers for robot manipulators. This is because traditional adaptive control strategies
have a common assumption that the uncertain parameters should be constant or slowly time
varying. Therefore, the robot dynamics is linearly parameterized into known regressor
matrix and an unknown vector with constant parameters. In general, derivation of the
regressor matrix for a given robot is tedious. Once it is obtained, we may find that, for most
robots, elements in the unknown vector are simple combinations of system parameters such
as link mass, link length and moment of inertia, and these are sometimes relatively easy to
measure.13

Huang and Chen!4 proposed an adaptive backstepping-like controller based on FAT528 for
single-link flexible-joint robots with mismatched uncertainties. Similar to most backstepping
designs, the derivation is too complex to robots with more joints. In this paper, we would
like to propose a FAT based adaptive controller for n-link flexible-joint robots. The tedious
computation of the regressor matrix is avoided in the new design. Moreover, the novel
controller does not require the variation bounds of time-varying uncertainties needed in
traditional robust control. In addition, the control strategy does not need to feedback joint
acceleration. Convergence of the output error and the boundedness of all signals are proved
using Lyapunov-like direct method with consideration of the effect of the approximation
error.

This paper is organized as follows: in section 2, we derive the proposed adaptive controller
in detail; section 3 presents simulation results of a 2-D flexible-joint robot using the
proposed controller; finally, some conclusions are given in section 4.

2. MAIN RESULTS

The dynamics of an n-rigid link flexible-joint robot can be described by2°

D(q)q +C(q,9)q +g(q) = K(0 —q) (1)
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JO+BO+K@O-q)=u @)

where  €R" is the vector of link angles, @ € R" is the vector of actuator angles,

ueR" is the vector of actuator input torques, D(q) is the nxn inertia matrix,
C(q,q)q is an n-vector of centrifugal and Coriolis forces, and g(q) is the gravity vector.
J, B and K are nxn constant diagonal matrices of actuator inertias, damping and
joint stiffness, respectively. Here, we would like to consider the case when the precise forms
of D(q), C(q,q)q and g(q) are not available and their variation bounds are not given.

This implies that traditional adaptive control and robust control cannot be applicable. In the
following, we would like to use the function approximation technique to design an adaptive
controller for the flexible-joint robot. Moreover, it is well-known that derivation of the
regressor matrix for the adaptive control of high DOF rigid robot is generally tedious. For
the flexible-joint robot in (1) and (2), its dynamics is much more complex than that of its
rigid-joint counterpart. Therefore, the computation of the regressor matrix becomes
extremely difficult. Different form the conventional adaptive control schemes for robot
manipulators, the proposed FAT-based adaptive controller does not need the computation
of the regressor matrix. This largely simplifies the implementation of the control loop.

Define T = K(0 - q) to be the vector of transmission torques, so (1) and (2) becomes!!

D(q)g+C(q,9)q+g(q) =1 (3)
Ji+B,1+1=u-q(q,q) (4)

where Jt =JK' , Bt =BK™"' and q(q,q) =Jq+Bq. Define signal vector
s=e+Ae and Vv=(, —Ae, where q, €R" is the vector of desired states,

e=q—(q, is the state error, and A =diag(4,,4,,....4,) with A. >0 for all

i=1, ... n. Rewrite (3) in the form

Ds+Cs+g+Dv+Cv=r1 (5)

A. Controller Design for Known Robot
Suppose D(q), C(q,q)q and g(q) are known, and we may design a proper control law
such that T follows the trajectory below

T=g+Dv+Cv-K s (6)

where K 4 1s a positive definite matrix. Substituting (6) into (5), the closed loop dynamics
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. 1
becomes DS +Cs +K ;s =0. Define a Lyapunov function candidate as V' = 5 s" Ds.

Its time derivative along the trajectory of the closed loop dynamics can be computed as
V==K ST ST(D —2C)s. Since D—2C can be proved to be skew-symmetric, the

above equation becomes V = —s'K ;8 < 0.1t is easy to prove that s is uniformly bounded

and square integrable, and $ is also uniformly bounded. Hence, § — 0 as t > 0, or

we may say € —> 0 as ¢ —> 00. To make the actual T converge to the perfect T in (6),
let us consider the reference model

Jtr+B1t +Kt =Kt,+B1,+J 7, 7)
where T, €M" is the state vector of the reference model and T J € R" is the desired
states. Matrices J . € R , Br e R and K,, e R are selected such that
T. =T, exponentially. Define %d(‘i,'d,"i'd) =I(:1CBr‘i'd +Jr"i'd), we may rewrite (4) and (7)

in the state space form as

x,=A X, +Bu-B q (8)

x,=AX,+B (T,+7,) ©)

.07 2
‘l'r] e R are augmented state

r

where XPZ[T "l']TESRZH and X, =[‘l‘

A _ 0 In><n c iRanZn
o -1 -1
g o Jt o Jt Bt
vectors. and
L 0 In><n manZn .
T 1 ) € are augmented system matrices.
~-J'K, -J'B,
0 2nxn 0 2nxn . .
B p = ! eR and B, = 3! eR are augmented input gain
t r r

matrices, and the pair (A, ,B ) is controllable. Since all system parameters are assumed to

be available at the present stage, we may select a controller in the form30

u=0x,+or, +h(t,,q) (10)

where @Eiﬁnxzn and ® e R satisfy Ap+Bp@=Am and BP(DZBm,
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respectively, and h(T,,q) = DT, +q . Substituting (10) into (8) and after some

rearrangements, we may have the system dynamics

X,=A X, +B,(t,+7,) (11)

Define€,, =X , — X, and we may have the error dynamics directly from (9) and (11)

e =A e (12)

Let €. =T — T, be the output vector of the error dynamics (12) as

e =C e (13)

where C € R is the augmented output matrix such that the pair (A, ,C, ) is
observable and the transfer function C, (sI—A m)_] B is strictly positive real. Since
A ., 1S stable, (12) implies €,k —> 0 as t—> 0. This further gives T —>T 4 as
[ — 0.

B. Controller Design for Uncertain Robot
Suppose D(q), C(q,q)q and g(q) are not available, and  is not easy to measure, we

would like to design a desired transmission torque T, so that a proper controller u can be
constructed to have T —> T ;.

Instead of (6), let us design a desired transmission torque T, as

T, :g+ﬁV+CV—de (14)

where K, >%Inxn, and ﬁ, é and @ are estimates of D(q), C(q,q) and g(q),

respectively. Substituting (14) into (5), we may have the closed loop dynamics
Ds+Cs+K s=(1-1,)+(D-D)v+(C-C)v+(g—-g) (15

A A

If a proper controller u and update laws for D, C and g can be designed, we may have

ToT, DD , C—>C and g > g so that (15) can give desired performance. Let

us consider the control law
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u=0x +r,+h (16)

A

where h is an estimate of h.Substituting (16) into (8), we may have the system dynamics

Xp:Amxp+Bm(rd+?d)+Bp(ﬁ—h) (17)

Together with (9), we may have the error dynamics

e,=A,e, +B (h—h) (18)

e =C e (19)

If we may design an appropriate update law such that ﬁ — h, then (18) implies
e, = 0 as t — 00. This further implies T —> T, as [ —> 0. Since D, C, g and h are

functions of time, traditional adaptive controllers are not directly applicable. To design the
update laws, let us apply the function approximation representation?5-21

D=W,Z, +g,, C=W[Z.+z.,

(20a)
g=W,Z,+e,, h=W,Z, +¢g

2 X 2 X X

where WDESRnﬁD " chmnﬂcn, Wgemnﬁgxn, and WhEiRnﬂhn are
2B x 2B x x1 X

weighting matrices, Z;, e R " 7 e R" Fe ", Zg eﬂ%”ﬂg ,and Z, e R are

matrices of basis functions, and &, are approximation error matrices. The number ,B(,)

represents the number of basis functions used. Using the same set of basis functions, the
corresponding estimates can also be represented as

D=W!z,, C=W!Z.,

o - (20b)
g:Wng, h=W, Z,

Define VNV(.) = W(,) - VAV(,) , then equation (15) and (18) becomes

D$+Cs+K, s=(t-7,)-WyZ,v-W.Z.v-W/Z, +g, (21
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¢, =A,e,—-B WZ +B g, (22)

where &1 =8 (&p 18184584, ) and €, 78, (Sh ,€,,) are lumped approximation
errors. Since W(.) are constant vectors, their update laws can be easily found by proper

selection of the Lyapunov-like function. Let us consider a candidate

m-tom

A\ 2\ &1

V(s.e,, Wy, We,W,,W,)=—s"Ds+e, Pe
{ 2 (23)
+ ST W Qp Wy, + WQeWe + W Q, W, + W Q, W)

where Pt = PZT S %anzn is a positive definite matrix satisfying the Lyapunov equation
2 2 25 2
A;P, +P A, = —C;Cm The matrices Q € R Poxn Py , Q€ R Bexn”Be ’

Qg e R and Q, € R are positive definite. The notation Tr(.) denotes the

trace operation of matrices. The time derivative of V along the trajectory of (21) and (22) can
be computed as

stTDS+%sTDs+é2P,em +e Pé

m-t-m
—Tr(WoQ, W, + W.Q W, +\7VgT ngg +W/Q,W,)
=—s'K,s+s'e, —ele_ +s'¢ +e,PB &, (24)
—TW! (Z,¥s" +Q, W, )+ W/ (Zvs +Q.W,)]
—Tr[WgT (Z,s" +ngg) + W/ (Z,e,PB, +Q, W.)]

According to the Kalman-Yakubovic Lemma, we have e;P[B LT ef by

pickingB, =B 1. According to (24), the update laws can be selected as

vAVD = _QI)IZDVST _O-DWD’ VAVC = _QEIZCVST - GCWC’
i . (25)

W,=-Q,Zs" -o,W,, W,=-Q,'Ze -, W,

where O, are positive numbers. Then (24) becomes
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V= Js’ ef]QLS}+[sT ef][?}ro—DTr(W,fWD)

(26)
+ O'CTr(VNVgWC) + agTr(WgTWg) + GhTr(WhTWh)

1
K d —=1 nxn
2
where Q = 1 is positive definite due to proper selections of K,
] 5 nxn nxn

and K_. Owing to the existence of € and €, the definiteness of } cannot be

determined. According to Appendix Lemma A.1 ~ Lemma A.4 and Lemma A.7, the right hand
side of (26) can be divided into two parts to derive following inequalities

. 2 2
—[s ef]QLJ s e ]{ } < —_(ﬂmm Q) { } ) H 8;} ] (27a)
Tr(WiW,) < %Tr(Wg W,) - %Tr(Wg W,) (27b)
Tr(WW,) < %Tr(WCT W) - %Tr(VNVCT W..) (27¢)
Tr(W, W,) < %Tr(WgT W,)- %Tr(VNVgT W,) (274)
Tr(W, W,) < %Tr(WhTWh) - %Tr(WhT W,) (27¢)

According to (23), we hav
V——[sTDs+e Pe, +Tr(WyQuW, + WIQ W, + W/ Q, W, + W/ Q,W,)]

2
S % l:ﬂ'max (A) |:es :| + ﬂ’max (QD )TI"(WT ) + ﬂ'max (QC )Tr(WT C) (28)
+ j‘max (Qg )Tr(WgTWg) + ﬂ’max (Qh )Tr(WhTWh )]
D
where A = T . With (27) and (28), (26) can be further written as
{ 0 2C’PC, }
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V < _aV + % [a/lmax (A) - imin (Q)]H|:es :| + [aj’max (QD) - O-D ]TF(WIZWD)

+ [ Q) = T ITHWE W) +[24,10 (Q,) — 0, 1TH(W, W, )

@l
/lmin (Q) 82

+ 0, Tr(Wy W)+ 0 Tr(We W) + 0, Tr(W, W,) + o, Tr(W, W, )}

(29)
2

+ [0 (Q) — 0, ITF(W, W, ) +

Although D and L are unknown, we know that EIEandQ st. D< HDH <D -
>
1Ly

JLandL st L<|U|<L. 37,7, >0 st (A)<n, and 4, (A)
no 32.

max

Anin (Q) Op Oc O, Oy

— ) ) . R , th
7. A Q) 2 (Q0) A Q) A Q[

Picking o < min en

we have
2

1 {al } 1 .
S — +—[oy Tr(WIW,)
2ﬂ’min (Q) 82 2

+ 0 Tr(We W) +0,Tr(W, W,) + o, Tr(W, W,)]

V<—aV +
(30)

Hence, V < 0 whenever
(s.e,, Wy, We, W,, W) e {(s,e,, W, , W, W, W,V >

1 1 {81 (T):| ’ T
sup Lo, THWIW,)
Za ﬂ’min (Q) 721 82 (T)

+0 Tr(WEWe) +0,Tr(W, W,) + o, Tr(W, W)}

€, WD , WC , Wg , and Wh are uniformly

ultimately bounded(u.u.b.). The implementation of the desired transmission torque (14),
control input (16) and update law (25) does not need to calculate the regressor matrix which
is required in most adaptive designs for robot manipulators. The convergence of the
parameters, however, can be proved to depend on the persistent excitation condition of the
input.

The above derivation only demonstrates the boundedness of the closed loop system, but in

This further concludes that s, €

T 4

practical applications the transient performance is also of great importance. For further
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development, we may apply the comparison lemma3? to (30) to have the upper bound for V

as

2
E(T
V(t)Se_“(t_tO)V(to)+21 ! sup{ /€ )} +o,Tr(Wy W)
a

A (Q) ty<e<d| €,(7) (31)
+0 Tr(We W) +0,Tr(W, W,) + o, Tr(W, W,)]
From (23), we obtain
1 s’
V 2 5 //i’min (A) |: :| mln (QD )TV(WTW ) + /Imln(QC )TI"(WTW )
eT
mln(Q )TF(WTW )+ ﬂ“mm(Qh )TF(WTW )]
2
Thus, the bound of ‘ [ST ef ]T for ¢t 21, canbe derived from (31) and (32) as
S ? 1
|:e :| 77_[ mm (QD)TF(W W ) /’me(QC)Tr(W WC)
4 44
A (Q )Tr(W \%% ) A (Qy )Tr(W Wh )
2
| 1 &,(7)
<— {27 Y (1 )+ —| ———— ! +o, Tr(WLW,)33)
3 LAt AT Lzm} 7olr(Wo to)

+ GCTr(WgWC) + O'gTr(WgTWg) + O'hTr(WhTWh )]
~ Ain (Q)Tr(Wy W) = 4, (Q)Tr(WE W)
mln(Q )TI"(W W ) ﬂ’mln(Qh)Tr(W Wh)}

From the derivations above, we can conclude that the proposed design is able to give

bounded tracking with guaranteed transient performance. The following theorem is a
summary of the above results.

Theorem 1: Consider the n-rigid link flexible-joint robot (1) and (2) with unknown parameters
D, C, and g then desired transmission torque (14), control input (16) and update law (25)
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ensure that

~ ~ ~ ~

WD, WC, W and Wh are u.u.b.

(i) error signals s, € o

iy
(ii) the bound of the tracking error vectors for ¢ =, can be derived as the form of (33), if
the Lyapunov-like function candidates are chosen as (23).

Remark 1: The term with &) in (25) is to modify the update law to robust the closed-loop
system for the effect of the approximation errorl?. Suppose a sufficient number of basis

functions ﬁ(_) is selected so that the approximation error can be neglected then we may

have 0y = 0, and (26) becomes

=-{s" e ]Q |= (34)

eT
It is easy to prove that s and €_ are also square integrable. From (21) and (22), $ and ér
are bounded; as a result, asymptotic convergence of s and e, can easily be shown by
Barbalat’s lemma. This further implies that T — T, and q — (, even though D, C,

and g are all unknown.
Remark 2: Suppose €1 and € cannot be ignored but their variation bounds are available67 i.e.

there exists positive constants ¢ and ¢ such that H €, H < 51 , and H €, H < 52 . To cover the

effect of these bounded approximation errors, the desired transmission torque (14) and the
control input (16) are modified to be

T, =DV+Cv+g-K s+1 (35)

robust1

u=0x, +Pt, +h+7 (36)

robust2

where Tyopusrt and Tropusiz are robust terms to be designed. Let us consider the Lyapunov-like
function candidate (23) and the update law (25) again. The time derivative of V can be
computed as

\ S
T T T T
V = _[S ez’ b e + 51 HSH + 52 ‘ er +S Trobustl + er TrobustZ (37)
T
By picking T,,., =—0,[sgn(s,) --- sgn(s, )]’ , where s, k=1,..n is the k-th
T .
element of s, and T, ;,,» = -0, [sgn(erl) sgn(eTn )] where e, ,k=1,.,2n is

the k-th element of e, we may have V<0, and asymptotic convergence of the state error
can be concluded by Barbalat’s lemma.
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3. SIMULATION STUDY

Consider a planar robot (Fig.1) with two rigid links and two flexible joints represented by
the differential equation (1), and (2). The quantities m;, [;, I and I; are mass, length, gravity
center distance and inertia of link i, respectively. Actual values of link parameters in the
simulation arel® m;=0.5kg, m>=0.5kg, 11=1,=0.75m, 14=1,=0.375m, 1,=0.09375kg-m?, and
1,=0.046975kg-m2. The actuator inertias, damping, and joint stiffness are

J = diag(0.02,0.01)(kg - m*), B =diag(5,4)(Nm-sec/rad)  and
K = diag(100,100)(Nm/rad) respectively. We would like the end-point to track a

0.2m-radius circle centered at (0.8 m, 1.0 m) in 10 seconds. To have more challenge, we pick
the initial condition of the link angles and the motor angles as

q=[-0.184 1.94 0 0]' and O0=[-0.184 194 0 0]" that are

significantly away from the desired trajectory. The initial value of the reference model state

vector is T, = [0.39 -0.72 0 O] T which is the same as the initial value of the
desired reference input T . The controller gains are selected as K, = diag(0.1,0.1)
and A =diag(5,5). Each element of D, C, g and h is approximated by the first 41

terms of the Fourier series. The simulation results are shown in Fig. 2 to 8. Fig. 2 shows the
tracking performance of the end-point and the desired trajectory in the Cartesian space. It is
observed that the end-point trajectory converges nicely to the desired trajectory, although
the initial position error is quite large. Fig. 3 is the joint space tracking performance. It shows
that the transient response vanishes very quickly. Fig. 4 is the actuator inputs in N-m. Fig. 5
to 8 are the performance of function approximation for D, C, g and h respectively. Since the
reference input does not satisfy the persistent excitation condition, some estimates do not
converge to their actual values but remain bounded as desired. It is worth to note that in
designing the controller we do not need much knowledge for the system. All we have to do
is to pick some controller parameters and some initial weighting matrices.

4. CONCULSIONS

In this paper, we have proposed a FAT-based adaptive controller for a flexible joint robot
containing time-varying uncertainties. The new design is free from regressor calculation and
knowledge of bounds of uncertainties.

Feedback of the joint acceleration is also avoided. The function approximation technique is
used to deal with time-varying uncertainties. Using the Lyapunov like analysis, rigorous
proof of the closed loop stability has been investigated with consideration of the
approximation error. Computer simulation results justify its feasibility of giving satisfactory
tracking performance on a 2-D flexible-joint robot although we do not know much
knowledge about the system model.
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A

Fig. 1. 2-DOF planar robot
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Fig. 2. Tracking performance of end-point in the Cartesian space (— actual; --- desired).
Initial position of end-point is at the point (0.6m, 0.6m). After some transient, the tracking
error is very small, although we do not know precise dynamics of the robot.
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Fig. 5. Approximation of D matrix(— estimate; --- real). Although the estimated values do

not converge to the true values, they are bounded and small.
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APPENDIX

Lemma A.1:

Let S€R", €€R" and K isthe nxn positive definite matrix. Then,

—s'Ks+s'e< %[/Imin (K)HSH2 JmH(K) (A1)
Proof:
—s"Ks+s"e <[4, (K)[s| + le[1]s
1 4
=——[.JA . (K S | N |
T B
_l[ 1. (K)Hs‘z Ha‘z ]
2 min lmln (K)
Lpaopf -
InlIl (K)
Q.E.D.
Lemma A.2:
Let Wl.T = [Wil Wiy oo Wl.n] € 9%“” , i=1,...,m and W is a block diagonal matrix

definedas W = diag{w ,w,,--,W } € R"™™™  Then,

(A.2)
i=1

The notation Tr(.) denotes the trace operation.
Proof: The proof is straightforward as below:
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w, O 0
w, 0 0
[wy, w, 0 0 0 0] 0 wy, 0
Wiw = 0 0w, w,, 0
: : 0 w,, 0
0 0 O 0 w,, Wy | :
0 0 W,
i 0 0 W, |
w0 0w, 0 0]
10w, 0|0 w, 0
0 0 wi__ 0 0 W, |
_wal 0 0 |
10 wiw,
0 0 ww,
w0 0
2
_ 0w
2
[0 0w
: oo Tewr — 12 2 2 _ 2
The last equality holds because by definition W, W, =w, + W, +...+ W, = HWl. .
m
2
Therefore, we have Tr = (WTW) = ZHWI.
i=1
Q.E.D.
Lemma A.3:
Suppose WZ.T =[w, w, - w]e R and
T

v, =[vy vy

1

are defined

V =diag{v,,v,,

www.intechopen.com

Vl.n] S ERlxn ,1=1,...,m. Let W and V be block diagonal matrices that
as W =diag{w, ,w,,---,w, } € R"" and

V€ R™"™ , respectively. Then,
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m
Tr(VIW) <> |v,[[w, (A3)
i=1
Proof: The proof is also straightforward:
vi 0 - 0w, 0 - 0
r
VTW _ 0 vV, - 0 0 W, - 0
0 0 vilio o w, |
viw, 0 0
T
_ 0 v,w, 0
0 0 vV, W, |
Hence,

T T T T
Ir(VW)=v, W, +V,W, +..+V W

<[villw [+ v iwa [+ v flw.]

i
i=1

\s WiH

Q.ED.

Lemma A 4.

~ A

Let W be defined as in Lemma A.2, and W is a matrix defined as W =W —W ,

where W is a matrix with proper dimension. Then
~ oA 1 1 ~
Tr(W'W) < ETr(wTW) - ETr(WTW) . (A.4)

Proof:
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Tr(W'W) =Tr(W W) -Tr(W' W)

si(uwi w||-[W.]")  (byLemma A2and 43)
i=1
R _ N
= 20w [ = = D7)
i=1
] & dl
< 2wl =% 5
i=1
1

Q.E.D.
In the above lemmas, we consider properties of a block diagonal matrix. In the
following, we would like to extend the analysis to a class of more general matrices.

Lemma A.5:
Let W be a matrix in the form W' = [WIT WzT e WZ] € ™™ where
W, = diag{W”,Wiz,- . °,Wl.m} e ™", i=1,...,p, are block diagonal matrices with the

. T _ Ixn .
entries of vectors Wl.j = [Wl.j1 w Wl.jn] eR", j=1,...,m. Then, we may have

ij2

Tr(W'W) = iinJ

i=l j=1

2

(A5)

Proof:
Wl
WW=[W .. W]
\\Y

p
| T T
=W W +---+W W,

Hence, we may calculate the trace as

Tr(W W) =Tr(W; W) +---+Tr(W, W )

- iHWUHZ + ...+Zm:‘prjH2 (by Lemma A.1)

Q.E.D.
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Lemma A.6:
Let V and W be matrices defined in Lemma A.5, Then,

Tr(V'W) <

(A.6)
i=l j=I1
Proof:

Tr(V'W) =Tr(V/ W)+ +Tr(V, W)

M=

Iolbwills Zhvallwal - @y temmaas)

>Jv,

j=1

1

J

I
Mm

i

Il
—

i

Q.ED.

Lemma A.7:
Let W be defined as in Lemma A.5, and W is a matrix defined as W =W- W ,

where W is a matrix with proper dimension. Then
~ s 1 1 ~ o
Tr(W'W) < ETr(WTW) — 5Tr(wTW) . (A7)

Proof:
Tr(W'W) = Tr(WTW) — Tr(WTW)

SZ (Hw (by Lemma A.5 and A4.6)
i=l j=l1
1 &L - -
=zZZ[Hwa2 [ = G = s
i=l j=l1
1 &H& -
< 22w, Z—HWU- )
_ 1

QED

www.intechopen.com



50

Advances in Robot Manipulators

www.intechopen.com



Advances in Robot Manipulators
Edited by Ernest Hall

s
" i,
P ISBN 978-953-307-070-4
:'J" 3 Hard cover, 678 pages
A }' ™) Publisher InTech
g f Published online 01, April, 2010
wo U V. Published in print edition April, 2010

The purpose of this volume is to encourage and inspire the continual invention of robot manipulators for
science and the good of humanity. The concepts of artificial intelligence combined with the engineering and
technology of feedback control, have great potential for new, useful and exciting machines. The concept of
eclecticism for the design, development, simulation and implementation of a real time controller for an
intelligent, vision guided robots is now being explored. The dream of an eclectic perceptual, creative controller
that can select its own tasks and perform autonomous operations with reliability and dependability is starting to
evolve. We have not yet reached this stage but a careful study of the contents will start one on the exciting
journey that could lead to many inventions and successful solutions.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Ming-Chih Chien and An-Chyau Huang (2010). A Regressor-free Adaptive Control for Flexible-joint Robots
based on Function Approximation Technique, Advances in Robot Manipulators, Ernest Hall (Ed.), ISBN: 978-
953-307-070-4, InTech, Available from: http://www.intechopen.com/books/advances-in-robot-manipulators/a-
regressor-free-adaptive-control-for-flexible-joint-robots-based-on-function-approximation-techniqu

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE BHIERFARK6SS HiBEFR R ARIRE I AE40582TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2010 The Author(s). Licensee IntechOpen. This chapter is distributed
under the terms of the Creative Commons Attribution-NonCommercial-
ShareAlike-3.0 License, which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited and

derivative works building on this content are distributed under the same
license.




