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SUMMARY

This paper presents a nonlinear distributed control strategy for flexible-link manipulators to solve
the tracking control problem in the joint space and cancel vibrations of the links. First, the dynamic
of an n-flexible-link manipulator is decomposed into n subsystems. Each subsystem has a pair of
one joint and one link. The distributed control strategy is applied to each subsystem starting from
the last subsystem. The strategy of control consists in controlling the nth joint and stabilizing the nth
link by assuming that the remaining subsystems are stable. Then, going backward to the (n — 1)th
subsystem, the same control strategy is applied to each corresponding joint-link subsystem until the
first. Sliding mode technique is used to develop the control law of each subsystem and the global
stability of the resulting tracking errors is proved using the Lyapunov technique. This algorithm was
tested on a two-flexible-link manipulator and gave effective results, a good tracking performance,
and capability to eliminate the links’ vibrations.

KEYWORD: Distributed control; Flexible-link manipulators; Sliding mode; Stability; Tracking
trajectories.

1. Introduction

There are many advantages of using manipulators with thin and lightweight links in contrast to
traditional rigid manipulators. Indeed, flexible-link manipulators have faster response time, lower
energy consumption, lower overall mass, low-rated actuators, and, in general, lower overall cost. Due
to links’ flexibility, the dynamical model of flexible-link manipulators is much more complicated
than that of rigid manipulators. As a result of this complicated dynamic model, several challenges
in the design and implementation of controllers were motivated. Indeed, the number of controlled
variables for a flexible-link manipulator is strictly less than the number of mechanical degrees of
freedom (DOF), i.e. it represents an underactuated system. In this case, the control problem is
twofold: in addition to motion objectives as in a rigid manipulator, it must also stabilize the vibrations
that are naturally excited. Two possible configurations can describe the dynamical model of flexible
manipulators. First, the dynamical model can be regarded as one multi-input and multi-output (MIMO)
system; one controller is used in this case for all joints and links. Second, the dynamical model can
be viewed as interconnected subsystems. Each subsystem has a pair of one joint and one link and is
controlled with one controller.

Many control strategies are based on the MIMO representation of the dynamical model of
flexible manipulators. In the linear case, a Linear-Quadratic-Gaussian (LQG) approach and the
stable factorization technique were used."> A comparative study of a State-Feedback controller and
a Linear Quadratic Regulator (LQR) using the tip deflection feedback measured by a strain gauge
were proposed to minimize the link vibrations of a single-link flexible manipulator.® A feed forward
control was used in ref. [4, 5] to control flexible link manipulators. The feed forward controller design
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used in ref. [4] is for tracking trajectory of the tip position without any oscillations for one flexible
link manipulator. The generalization of the computed-torque method is used for the tracking control
of nonlinear flexible-link manipulators.®” The objectives were to track desired trajectories in the joint
space and vibration suppression in the links. Adaptive control is used when the system parameters
are considered unknown.® The reinforcement learning (RL) technique is used for developing a real-
time adaptive control of a two-link flexible manipulator.® The controller consists of a proportional
derivative (PD) tracking loop and an adaptive bloc based on RL loop used for tip trajectory control and
cancelling the deflection of a two-link flexible manipulator. Intelligent control strategies were also
applied to flexible link manipulators.'%~!? Several works used sliding mode to control the flexible link
manipulators.'>!* Sliding mode technique based on a partial feedback linearization controller was
used in ref. [14] to achieve set point precision positioning control for a single flexible link manipulator
with payload. For a two-flexible-link manipulator, a high-order nonsingular terminal sliding mode
optimal control scheme is used to solve the non-minimum phase and chattering problems. 3

All the previous control schemes use one controller for all joints and links. Unfortunately, when
using the dynamical model as one MIMO system, the real-time implementation of these controllers is
not easy due to the complexity of their structures.!> To overcome this problem, the dynamical model
of flexible manipulators can be considered as interconnected subsystems. Each subsystem consists
of one joint and the corresponding flexible link. Several control schemes used this configuration.
Decentralized control is used for flexible links manipulators.'®!” In ref. [16], the authors used the
decentralized control strategy featuring a PD controller for the joint, and an LQR for the link to
control two-flexible-link manipulators. A decentralized control strategy composed of a PD controller
for the joint, and a linear velocity feedback controller for the flexible link was proposed in ref. [17].
Independent joint control is used for the endpoint position control problem of a two-flexible-link
mechanism with very flexible links.'® The drawback of this method is that the authors used acceleration
sensing for acceleration measurement, which is not always available. Using the nonlinear model of
flexible manipulators, a hierarchical control strategy to track desired trajectories in the workspace of
a two-flexible-link manipulator was developed.'® A feedback linearization approach is used for each
subsystem (a pair of joint and link) to develop control laws. To simplify the real-time implementation
we present in this paper, a distributed control strategy is proposed for multi-link flexible manipulators
to track desired trajectories in the joint space and to remove link vibration. The control strategy consists
to rewrite, at the first time, the dynamical model of n-flexible-links manipulator as n subsystems.
Each subsystem contains a pair of one joint and one link. Second, the control strategy consists in
starting by controlling the last subsystem while considering the remaining subsystems stable. Then,
going backward to the (n — 1)-th subsystem, the same strategy is applied, and so on, until the first
subsystem. The control laws are developed using the sliding mode technique. Lyapunov theory is
used to prove the global stability of the error dynamics. This control strategy is implemented on a
two-flexible-link manipulator.

This paper is organized as follows: Section 2 presents the description and the modeling of the n-
flexible-link manipulator. The distributed control strategy of multi-flexible link and stability analysis
of the error dynamics are presented in Section 3. Section 4 presents the experimental results of
the proposed control strategy of a two-flexible-link manipulator. Finally, conclusions are given in
Section 5.

2. Modeling and Problem Formulation

The n-flexible-link manipulator is shown in Fig. 1. The links are presented in a cascade form and
actuated by individual motors. An inertial payload is attached to the end effectors. The motion of
each link is assumed to be in the horizontal plane and has a very small deflection. Using Lagrange

equations, the dynamical model of an n-DOF flexible manipulator is given by:%°

M(q)§+C(q.9)4 + D+ Kq = L, ey

where M is the inertia and mass matrix, C(q, §)q is the Coriolis and centrifugal forces vector, D
is the friction matrix, and K is the rigidity matrix. Also, q represents the vector of the generalized
coordinates and 7 is the vector of the applied torques.
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Fig. 1. Flexible-link manipulator.

Note: in the rest of paper, the scalar is written in lower case, the vector in lower case bold and the
matrix is in upper case.

For the n rigid coordinates and # flexible links, the deformation of the ith flexible link is given by
the following equation:

v, ) =Y Bij@X)qp) i=1,....n, )

j=1

where g 7;; is the jth generalized flexible coordinate,{;; (x) is its jth shape function, andz; is the number
of retained flexible modes of the ith flexible link. Note that the total number of flexible modes is
z =) :_, z; and the number of rigid modes is n.

The dynamical model (1) can be written as follows:

[Mr]nxn [Mrf]nxz |:qr j| + [Cr]nxn [Crf]nxz |:q.r :|
[Mgf]zxn [Mf]zxz (42 x(1+2) qf [C,?}]zxn [Cf]zxz q.f
O O qr] |:0n><n Onxz j| |:qr] |:In><n:|
+ .|t ' = Tnxls 3)
|:0 [Df]zxzi| |:qf Ozxn [Kf]zxz qr Ozxn
where M, and M are the mass and inertia matrices for the rigid and the flexible parts, respectively.
M, is a coupled element. The subscripts  and f denote the rigid and flexible modes. In this work,

we consider only the first flexible mode of each link, then z = n.
There exists a non-singular matrix of transformation 7, such as:

q = TrQa (4)
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where ¢ = [q, ¢q f]T =I[g1 - gnqgr - qf,,]T is the original generalized coordinate, § =

(g1 -~ qi - qu)l" =191 951+ @i qfi --- Grn qsn]" is the transformed one, q; = [ q7i]"
is the generalized coordinate associated with the ith subsystem (ith joint and link) and the matrix of
transformation 7, is given by:

12 i n n+1 n+i 2n
1 10...000...000 00...000...000
00...000...000 10...000...000

00...010...000 00...000...000 |. (5)

00...000...000 00...010...000
n 00...000...001 00...000...000

100...000...000 00...000...001

Using the previous transformation, the dynamical model (1) can be written as follows:
M@OT'4+C(q.¢)T'¢+DT'4+KT'§=Lr, (6)

where § = T, and q = T,4, note that the vectors ¢ and g have the same elements but in different
order, then : M(q) = M(q) and C(q, ¢) = C(q, q).
Equation (6) is equivalent to the following expression:

M@ qg+C(q.¢9)§+Dg+Kg=Lrt, (7

where M(q)2n><2n =T, M@ T C(q,§)opxon =T,C(q,§) T"; Dapxan = T,DT Y Kopxon =
T,KT", Lyyun = T, L.
The dynamical model (7) can be written as follows:

M (q) g Cl (q,9) qi D q KT q: L,
: St : N Bl N el B =1l ®
M () | | dn Clg.9) || 4n D' | | 4n KI'| | 4n L,
where ¢; = [gri qpl" s M =My ... My ... My,]l; Cl =1[Cii ... Cii ... Ciyl

D] =[02x2 ... 0252 Dii02x2 .. O2x2]; K[ =022 ... 022 KiiO2x2 ... 02x2],

T Mri Mrfi . A~ ri rft 0 2 0 0
Mll - [Mrfi Mfz } > Cll [ rfl sz } ll - [0 Dfl Kll - 0 Kfl .
The properties that will be used in the control law development can be deduced from the dynamical

model of the flexible link manipulator and are given as follows:

P1: M, M,,, M¢;, Dysr and K ¢y are symmetric positive definite matrices.?0

P2: The inertia-mass matrix M (g) and the Coriolis matrix C (q, §) satisfy the following skew-
symmetric property:

x"(M(q,§)—2C(q,¢)x =0 Vx e R"™. 9)
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Let the desired trajectory associated to the rigid part of the ith subsystem, its first and second-order
derivatives be g;rq (t), gira (t), and gGi,q(t), respectively, and g;rq (t), Girqa (t), and g;rq(t) are those
associated to the flexible part of this subsystem. The objective is to track desired trajectories in the
joint space and cancel vibration of the links. The desired positions of the flexible modes are then
set to zero. Therefore, the desired trajectories must be carefully chosen so as to satisfy the control
objective:

Gir» gif) = (Gira, 0). (10)

3. Distributed Control Strategy

In this section, we present a distributed control strategy for n-flexible-link manipulator to track
desired trajectories in the joint space while eliminating links’ vibrations. The n-flexible-link system
can be viewed as interconnected subsystems. Each subsystem has a pair of a joint and a flexible
link. The distributed control strategy consists in controlling the nth subsystem while assuming that
the remaining subsystems are stable. Then, the same strategy is applied backward to the (n — 1)th
subsystem and so on until the first subsystem.

3.1. Control law development

As mentioned earlier, the control strategy consists of controlling each subsystem backward from the
last subsystem until the first one. Taking, for example, the ith subsystem, its equation of motion is
derived from (8) as follows:

M (@§+Clq.9)§g+D]§+K G =L, (11)

where M =[M; - My ... My, 1";CT =[Ciy -+ Cii ... Cin 1"y Li = [8 o 8(1)8 . 8]2)()1
DI =[Dy -+ Dij ... Din 1" K] =[Kiy -+ Kiz ... Kin 1" M;; = AA;f ]1‘\44';,."]; Ci = [Ccf Cc;]
D;; = [8 D(;[]; K = [8 KON]. The ith subsystem is controlled by assuming that the remaining
subsystems are stable. Then, we can define the new generalized coordinate as follows:

Qi =[qa1 - Gai-1 4i Gai+) Gan" (12)
where qa; = [qraj graj ] and q; = [q,i qpi 1 forj=1,..., n,j # i. Note that the rigid and flexible
coordinates of the ith subsystem are the controlled ones and the rigid and flexible coordinates of
the remaining subsystems are the desired ones. The velocity ¢; is the time derivative of @; and the

acceleration q; is the time derivative of q;. Using the new coordinate, the corresponding equation of
motion is given as follows:

M} @od; + ¢/ @i, 44, + D} §; + K/ @i = Liwi. (13)
In other form, (13) can be written as:

- e N e > . — _ o e = _ s\ . T;

M;; (@) gi + Cii(@;, §;)qi + Diiqi + Kiiqi + E M;; @) Gaj + Cij (@i, i) Gaj = [0:| . (14
Jj=1
J#i

Define the sliding surface of ith subsystem as follows:

Spi éri + Arieri Grdai — qri + Ariey
S = =|. =1. . : (15)
Sfi efi +Agieyi qrdi —4qfi T Ayieyi

where e,; = q,q4i — q+i, and ey; = qrq; — q; are the error signals and A,;, A ;; are positive constants.
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The previous sliding surface can be written as follows:

Sri ’/.tr'_ .r' . .
Si=|: li|=|:.l q.li|=ui_qiv (16)
S fi Uri —4qfi

where ut,; = Grqi + Arieiand g = Grai + Agiey.
To control the ith subsystem, we propose the following control law:

T, =T +v, — 81, (17)

where v,; is used for rigid part tracking, 7; is used to reduce the vibration of flexible part, and é7,; is
the setting term

spivritdes) o
le{os—i”fg (18)
8Ty STE (AT
57: = [ &ﬁ] _ sNMTi - 5CTd, (20)

where K4 € R**? is a diagonal positive matrix, M = [§M; ... 8Mj; ... 8 Miylaxon: 8C] =
[(SCZ'] ... 0 C,’i ... Cin]2><2n7 and

Eln ooty U )T = U gy Uy Ui U upy 1T = Tou, o)

T T
S 0 8 oo Sn] =[srlsfl "‘Srisfi---srnsfn] =TrS,

|
I

Y
Il

. ", M,
SM;; = Z oMi; (q)

4;+ Ry, (q), (22)
j=1 aqj qjd
J#i
= . acij(q’q') ~ . acij(q’q') 3 PP
8Cij = Z “aqr | q; + Z “eq, | gj+Re,(Gj.q)). (23)
j=1 J 4ja j=1 J 4ja
J#i J#i

where Rz, and R¢,, are the high-order terms of the Taylor series for M, i(g)and C i(q), respectively?!
(see Appendix for more detail). The ith control law is shown by Fig. 2.

3.2. Stability analysis
This section presents the stability analysis of the error dynamics for all subsystems. The n control
laws (17) can be written as follows:

t=T+v, — 81, (24)
where v, € R" is the first n elements of the vector v, given in (19), while v are the remaining

elements of v. T € N" has T;, given in (18), in the ith element.
The sliding surface for all subsystems can be written as follows:

Sr ér + )\rer Qrd - qr + )\rer ] [ I/.tr - q.r ] o o
s = = . = . . = . . =u— . 25
|:Sfi| |:ef+)‘fefi| |:f1fd_4f+)‘fef ur—qf 1 25)
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Fig. 2. The ith control law.

Using (25), the dynamical model (1) is given as follows:
M(q)@i—$)+C(g,9)(u—s)+D@—s)+Kqg=1Lrt.

The error dynamics can be deduced as follows:

M(@)s+C(q,q)s+Ds+Kys=M(q)ii+C(q,q)u+ Diu+ K;s + Kq — Lt.

Proposition 1. The error dynamics (27) is equivalent to the following expression:

. . -T
M(g)s+C(q,q)s + Ds + Kys = [vf+61'f]

Proof: see Appendix.
For the stability analysis, let us define the following positive Lyapunov function:

1 7
V:ES M(q)s.

Take the time derivative of V (¢) to get
. o 1 .
Vit)y=s Ms+ Es Ms.
Using (28), V (t) becomes:

; _ T . -T l T
Vit)=s (—C(q,q)s—Ds—de—I-|:vf+31f]>+zs Ms

_ T T -T
=—s (D+Kg)s+s |:vf+8-tf]'

Using the transformation matrix 7,, we can write:

-T
T _ T=
§ |:vf+8'[fi|_s Ts:
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ri = =T -
where s; = [jﬂ] and 7, =[, 5 Li=1...n

T - —T;
5/ T =i 55 [vﬂ n éffi:| = =5, Ti +spi(vpi +8Ty0). (32)

Using (19), we can write:

§/ T =0. (33)
Using the transformation matrix 7,:
s] T = 0. (34)
Then,
T -T _ - T . _
s [foTf _X;s,. 7 =0. (35)
Then, the time derivative of V (¢) becomes:
V(t)=—s"(D+Ky)s. (36)

Because D and K are positive-definite diagonal matrices, then V (r) is negative. Using Barbalat
lemma,?? the error dynamics is globally asymptotically stable.

4. Application to Two-Flexible-Link Manipulator

4.1. System description

In this section, the control strategy presented in the previous sections is tested on the 2-DOF Serial
Flexible Link robot (Fig. 3) manufactured by Quanser. It consists of two motors, two flexible links,
and a payload. It moves in the horizontal plane and is connected by rigid revolute joints. The system
is actuated by two torques generated by the motors. The ith motor has an angle ¢,; and the i-th
flexible link, supposed uniform, has a mass m; and length L;, linear density p;, and rigidity E1;. m,,
is the mass of the payload. The second link is attached to the rotor of the second motor and the first
link is attached to the first motor. Axes (X, Y;) for link 1 and (X», Y») for link 2, move with the
corresponding links. ()? 0 f’o) is the fixed reference frame. The deformations of the links are assumed
to be small and the flexible links are modeled as Euler-Bernoulli beams.

In this section, the two-flexible-link model given in refs. [22, 23] is modified by only
considering the first flexible mode of each link (see Appendix). Then, wehaven =2,z =2 and z; =
7= 1.

The dynamical model of the two-flexible-link manipulator is given by:

M(g)§+C(q,9)g+Dg+Kq=Lrt, 37
where
My Mp M My Ci Cip Ci3 Cu 0 0 O 0
M= My My My My C = Cy Cpn Cp Cu D 0 0 O 0
M3 Mz Mz Ms |’ Csi Cxn C3 Cu |’ 0 0 Dpy 0 |’
My My Mz My Cyi Cyp Cxn Cuy 0 0 0 Dp
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Fig. 3. Two-flexible-link manipulator.

As in (3), we can write:

00 0 0 a1
00 0 0 | g
00 Kp 0 |97 gn |k
0 0 0 Kfz qr2
M, Mz My
sMyp = My =
M22:| ! |:M23 M24:| / |:
Cia Csz Cxu Dy
;Cpp = ; Dy =
C24} 11 [C43 C44] ! [ 0

M33
My

1 0

0 1

0 0 ,and T

0 0

M3y
;Crr=

M44:|

0

sz],andKf

For two flexiblelinks, the corresponding transformation matrix (5) becomes,

S O O =

S = O O

S O = O

- o O O

Cu Cn
Cy Cxp
Kf1 0
0 Kf2

(38)

Using the matrix of transformation (38), the dynamical model (37) is equivalent to the following

equation:
where
M,
- M3,
M =
M>,
My

M3
Ms33

My

M,

M
My,

M@)qg+C(q.§9)§+Dg+Kg=1Lr,

My Ci
M3y 6= Cs
Moy Cy
My Cy
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0 0 0 0 g 10

=_|0 Kpp O O |~ |qi|_|a9n|.7_|00 _|m

K=1o0 0 0o o ’q_[QQi|_ a0 |PE=101 | ™dT=]
0 0 0 Kp qr2 00

In the two subsystems form, (39) can be written as:

My My ]| d: " Ciu Cn a " Dy Dy a " Kiu Ko |[a]_[Lit
My My || §2 Ca C2 || 42 Dy Dy || 42 Ky K»n || 92 Lyt
(40)

where

- [ My M| - Co Cx3 |, A Cn Cu |, 5 00
My = ;Co = ;Cop = ;Do =
2 | Ma M44} 2 [C41 C43:| 2 |:C42 C44] 2 [0 0
7 -O 0 i 0 0 qri qr2 T 10
21 0 O:| 22 |:O Kf2i| qi |:‘1f1i| q> |:qf2 1 00

Equation (40) can be written in the following form that will be used for the control law:

-7 |4 ~r |4 ~r |4 -1 |4=| 5 )

My cT DI KT Lt

WTEGTC_MIT_=[M11_M12_]; Q{=[q11 C_l2]; _DIT:[_DII_DIZ]; KI'=[Ku K1, MI =
[May) Mp1; C) =1[Co Cn1; DI =Dy D 1; K] =Ko Koo .

4.2. Distributed control law
For a two-flexible-link manipulator, the control law is developed in two steps. The first consists of
developing the control law for the second subsystem (second joint and link) by assuming that the first
subsystem is stable. In the second step, we develop the control law for the first subsystem using the
same strategy.

Starting now by the last subsystem, the generalized rigid and flexible coordinates are given by:

2 = [l1d1 qz]T = [qrdl qril qr2 q,fz]T. (42)

Note that, for the first subsystem, the rigid and flexible coordinates are the desired coordinates and
for the second subsystem they are the controlled ones.
According to dynamical model (41), the equation of motion of the second link is given by:

~ N AT j= = N\~ _ - 5T — = T
My @2)4> + €3 @2, G, + 4D; 4, + Ky G2 = Lot = [ 02] : (43)
The control law proposed for the second subsystem is given by the following equation:

=T+ v — 872, (44)
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where

2 (vt
5/‘2(”/2 Tﬂ) S Spp 7& O,

T = Sy 45
2 O ’ 38 = O’ ( )
Uy - o= = _ - 0 ~T =~ 5T = >T -
vy = [vé} =M, (@)iu+C; (G2, dy) 4+ Dyu + K] § + KJ,5, (46)
_ 8Tr2 _ e s
3ty = |:5Tf2:| =M, u—456C,u, (47)

T __ 0 0 Kgpr 0 . ..
where Ky =[, , ¢ Koz 1; K42 and K45 ¢ are positive constants.

= . « T . . . . T .. . . . . T.
u=\[u w] =[uy, uiy uy uyl =Ta;, u=I[u, uy Uy uyl;

- T T i T
s=[s1 s21 =[5, s1iy s2 sop] =Ts; s =[5, s Sip S271,

SM; = [8My 8Mx]; 8C; = [8Ca 8Ca]
oM;i(q) 5 . 3C;i(q, q) 5 9C;(q. §) 5 i
‘SMij:—jq ql+RM,-_,'(q1)§5Cij:—jq ) g + =019 G+ R, (@)
g1 . aq . EVe .

Ry, and Rc;; are the high-order terms of the Taylor series for M;; (¢) and Cj; (¢, ) ,respectively.
Proceeding to the first subsystem and developing the control law assuming that the second
subsystem is stable, the equation of motion of the first subsystem is given by:

— JERNT} = _ ENE =7 = ST _ = T
Mf(«ﬂl)ql+C1T(q1,ql)q1+Dqu]+K|qu=Llr=[01] (48)
where

G =g g0 =1a1 a9n @ar qra2l" (49)

The control law is given by:

T =T+ v — 0751, (50)

where

. 5
sr1(vsi+8ts1) S5 #0,

T, =1 s1 51

"o 15,1 =0, el
v = [;j;ll ] — T @i+ CT@n i + DT+ RTg + RIS, (52)
st = | 07 | = smTi — sCTi (53)
T = stp | T u LU,

00 Koy 0 o
where K41 = [ 00 0 Kuy ]; K1 and K4 ¢ are positive constants,

SMIT = [(SMH 8M12]2X4; (SCIT = [(SC[] 5@12]

2x4 "
oM;i(q)| . - 0Cii(q,q)| . 0Cij(q,9)| - -
SM;; = —1=- 1 G> + Ry, (§2);8C;; = ——— 7.9 §r + —L = .q 1 G2+ Rc,;(§2)
aqz 3612 924 aqz 924

424

Ry71; and Ry are the high-order terms of the Taylor series for M,;(g)and C»(q, §), respectively.
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Table I. System physical parameters.

Parameter Link 1 Link 2

Link length (L;) 0.202 m 0.2 m

Elasticity 2.068 10" N/m?  2.068 10" N/m?
Link moment of inertia ~ 0.17 kg m? 0.0064 1076 kg m?
Gear ratio 100 50

Rotor moment of inertia ~ 6.28 10 kgm?  1.03 107° kg m?
Drive moment of inertia ~ 7.63 10~ kg m? 44.55 107 kg m?
Drive Torque constant 0.119 Nm/A 0.0234 Nm/A
Maximum Rotation 4 90 deg 4 90 deg

Fig. 4. Quanser two link flexible robot.

4.3. Experimental results
The parameters of the 2-DOF Serial Flexible Link robot (Fig. 4) are given in Table L.

The experimental setup of the two link serial flexible manipulator robot is shown in Figs. 4 and 5.

The main components of the setup are: a linear amplifier, Q8 terminal board, DAQ system, sensors,
such as strain gauges, encoder, and limit switches. The interface between the computer and the setup is
the Quanser Q8 data acquisition board. Simulink with Real-Time Workshop (RTW) of Mathworks®
is used for real-time implementation of the proposed controllers. Q8 software is used to transform the
data from the computer to the system, which allows the SIMULINK models to run in real-time target.
The torque input provided by the control algorithm is sent to the robot trough Q8 data acquisition
and the linear current amplifier. A current sensor measures the current of each actuator.

The desired trajectory of the joint takes up a polynomial function given by the following
expressions:?*

Gra1(t) = aio + ant + apt®* + apt® + at* + aist’, 54
Graa(t) = az + ant + ant® + ant® + apt* + axst’, (55)

qra1(t) = qraa(t) =0,

forO0 <t <Ty=5s.Fort > Ty, q;q1(t) = 7 and g,a2(t) = 3.

The desired trajectories are given in Fig. 6.

The shape function of each link is given in ref. [20]. Using the system parameters, the shape
functions evaluated at the extremity of the links and their derivative are given as follows: ¢;;, = 0.39,
P = 1.49, 0|, =1.34,and ¥,, =4.3.
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Fig. 5. Real-Time setup.

Strain

| gaugesignal
.-’-.' ———

Control signal

Encoder signal

i L i

04 —_— 02
_ 5 : ¥ . g
=
£ 92 < o4
5 : : : : = : :

] 3 5 - 3 : H
IO RN T YUT TR WO BN .| T % SUOW N SO VR
% 2 4 8 8 10
(a)

08 ’ 04

06 rossuaisfuasiisind 03
= : 3
<04 <02
g o
= g

02} oot : 0.1

L ;

0o 2 4 6 8 10 0
(b)
time (s)

2 4 6
(d)

time (s)

-
=]

ddgrd2(rad/s?)

0.1

=1

i
o
s

=
X}

time (s)

Fig. 6. Desired trajectories: (a)—(b) position, (c)—(d) velocity, (e)—(f) acceleration of rigid part.

The controller’s gains are chosen using a trial and error method as follows: For the distributed
control strategy, the selected gains are: Ky, = 15; K417 = 10, Kz, =25 and K4 ¢ = 10.

The previous theoretical development of the control law that ensures the global stability is given in
the general case, i.e. for any high order in the Taylor series. In the real-time implementation, a finite
order is fixed. In this section, and for simplicity, the Taylor series is limited to the first order. Then,

Ry, = Re, = 0.

The experimental results for the distributed control are shown in Figs. 7-9.
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Fig. 8. Distributed control: errors of flexible parts.
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Fig. 10. PD control: (a)—(b) joint tracking trajectories, (c)—(d) joint tracking errors.

The results of the developed distributed control method were compared with a PD type control to
show the contribution of this proposed control strategy using the same desired trajectories. The PD
control law can be written as follows:

= Kp(g —qa) + Ka(g — q4a), (56)
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Fig. 12. PD control: input torques.

where K, and K, are constant gain matrices. K, = diag(10, 10, 10, 10) and Kd = diag(8, 8, 8, 8).
According to the experimental results, for the distributed control strategy, a good tracking in the joint
space is shown in Fig. 7. This good tracking is confirmed by the very small tracking errors, less than
0.01 rad for the first joint and 0.008 rad for the second joint. For the flexible coordinates, a small error
was obtained not exceeding 0.006 rad as shown in Fig. 8. The input torque is shown in Fig. 9. The
errors obtained explain the ability of the distributed control strategy to cancel vibration in the links.
The results of the distributed control strategy were compared with the PD controller results (Figs.
10-12). For the distributed control method, the tracking errors of the joints and the links’ vibrations
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are smaller than those resulting from the PD controller. Finally, we can conclude that the distributed
control strategy eliminates vibration and gives good tracking of the desired trajectories.

5. Conclusion

This paper presents a distributed control strategy for flexible-link manipulators. This strategy consists
to start by controlling the last subsystem composed of the nth joint and link by assuming that
the remaining subsystems are stable. Then, working backward one subsystem at a time toward the
first subsystem, we use the same strategy. The global stability is proven using Lyapunov approach.
Experimental results, compared with a PD control, show that the distributed control strategy gives
good tracking and cancels the links’ vibration.
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Appendix

Proof of proposition 1
Let us define the second term of the error dynamics (27) as follows:

T, =M(qi+C(q,4g)u+ Du+ Kys + Kq — Lt. (37
Using the transformation (5), the previous error dynamics is equivalent to:
T,=M(q)u+C(q,¢)u+ Du+ K,5+Kg— L, (58)

where M (q) =M (q)T,;C(q.§)=C(q,§)T,; D =DT,; K =KT,;L =L
and T, = 7,7,. For the ith subsystem tj; is given as:

=~
|
I
=.
=~
P
I
1]
|

T =M (@u+Cl (q.¢iu+Dlu+K'qg+K;5—Liv, 59
where M (q)=[My --- M; ]T; Clg.¢=[Ca - Cin]T; Kl =[Ki - K:‘n]r§
_ _ . = = 9T = 0...010 --- 0O
DiT=[Di1 Din] ;KdTl':[Kdil Kdin] andLi:[O...OOO"'O:LXH'

Using Taylor series, we can write:

_ _ _ 1 _
M;; (@) = My; (§) = My; (@) + DM;(@)" (@ — @) + 2 q@—an" {DzMij (@i)} @G-—q)+...

where D M;;(q;) is the gradient of M;; evaluated at § = @; and D*M;; (q;) is a Hessian matrix. Then,
we can write:

91 — 4914
_ - IM;; (q) qi-1 —.‘I(ifl)d -
M;; = M;; (q;) + r 7 + Ry (G
= ) i || gi+1 — gi+na s @)
q.(i—l)d L qn—q,q i
qi+1)d
L qnd i
- L OM;(q)| . -
= M;; (@;) — Z ﬁ G+ Ru,(q;)
j=1 qja
J#i
= M;; (@;) — 8M;,

where

Gj — Ru,;(Gj)and Ry,
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is the remaining terms given as follows:

. . - ~ IM;; (q)
) = M;; — M;; (; il A 24

(@) = My (@) = My @)+ ) — 2

j=1
j#i

Ry

1
q;

9jd

Using the same strategy of Taylor series for M;; we can write:

_ _ - "N oMy (q)| - - _
Mii (@) = M @ = Mi @) — D — dj+ R, (G;) = M @) — M,
j=1 qjd
i
where
- " aMu(q)| -
My =) — | 4+ Ru,(@)).
j=1 i g
J#i

Ry, and Ry, are the high-order terms of the Taylor series for M;;(g). Then, we can write:
M} (@) = M} @) = M @) - sM/,
Clg.9)=ClG. 9 =Cl@. 1) - ¢/,

and

Using (19) and (20), Eq. (61) can be written as follows:
o= | i@ =0T —
T v (@) T |
Using (18), we can deduce:
Tgi = N
T v (@) STy |
Then,

. . —T
M(q)$ +C(q,q)s + Ds + Kys = [vf+5rf]
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