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BUILDING UP AREPETITIVE CONTROL LAW (RCL)
WITH DESIRED TRAJECTORY PERIODIC SO REDUCED
ONLINE COMPUTATION FOR ROBOT ALMEGA 16

XAY DUNG LUAT BIEU KHIEN LAP BI LAP LAI VO1 QUY BAO CHU KY MONG MUON
DE GIAM TiNH TOAN TRUC TIEP CHO ROBOT ALMEGA 16

ABSTRACT

This paper presents a build of Repetitive Control Law with desired trajectory
periodic in joint space so reduced on-line computation for the motion system of
the Almegal6 manipulator. In a Repetitive Control Law always has the desired
cycle trajectory with time Tand always provides state information update on the
time-variant parameters. The true value is compared to the reference set-point
and its evaluation result is input to the controller for adjustment. The results
from Matlab - Simmechanic simulations and experiments show that the motion
system of Robot Almegal6 satisfies the requirement of a control system: the
errors of rotating joints quickly converge to zero within a short transient time, so
that closed-loop systemiis stable based on Lyapunov method.
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TOM TAT

Bai bao nay trinh bay xay dung luat diéu khién I3p di I3p lai voi qu dao chu
ky mong mu6n trong khong gian khép dé giam tinh todn truc tiép cho hé chuyén
ddng Robot Almegal6. Thuét toan diéu khién RCL lubn c6 quy dao chu ky dat
mong mudn véi thoi gian T, ludn cap nhét c6 cac tham s6 héng bét dinh dé so
sanh gid tri chinh dinh véi gia tri thuc r6i dua vao bg digu khién dé hiéu chinh.
Két qua duwoc thé hién qua md phong trén phan mém Matlab - Simulink va thyc
nghiém cho thay hé chuyén dong Robot Almega16 da dap ting durgc yéu cau digu
khién: ddm béo sai s6 clia céc khdp quay nhanh chong dat tdi khong véi thoi gian
qué dd nh, am cho hé thang kin 6n dinh theo tiéu chuén Lyapunov.

Tir khda: Robot Almega 16, digu khién RCL, tiéu chudn Lyapunov.
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1. INTRODUCTION

Industrial robots perform repetitive tasks in many
manufacturing applications. Repetitive control is a
promising control approach to achieve tracking of the
periodic trajectories. This kind of control has gained a great
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deal of research interest in various forms, such as
passivitybased repetitive control [7], nonlinear repetitive
control [8], time-delay repetitive control [9], minimum-
norm and timeoptimal repetitive control [11], optimal
repetitive control [12] and adaptive repetitive control [10].
Industrial robots meet key structural features to perform
repetitive trajectories in many manufacturing applications.
Therefore, model-based control can be used for tracking
repetitive trajectories if a precise model is available. This
main content of the article presents a build of Repetitive
Control Law (RCL) with desired trajectory periodic in joint
space so reduced on-line computation for the motion
system of the Almegal6 manipulator. In a Repetitive
Control Law always has the desired cycle trajectory with
time T and always provides state information update on the
time-variant parameters. The true value is compared to the
reference set-point and its evaluation result is input to the
controller for adjustment.

2. OBJECT CONTROL

The Almega 16 robot is shown in Figure 1, as follows [6].
This is a vertical welding robot with fast, rhythmic and precise
movement characteristics, including six-link axes, each one
link axes is equipped with a permanent magnet synchronous
servo motor and closed loop control. In the article using only
three-link axes as the research object, specifically the main
specifications of the three joints as follows.

Figure 1. Six-link Almega 16 arm
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First joint: Rotation angle: +135° Center tops from top to
bottom: 28cm. Center line of axis | to the center of the
cylinder: 35cm. Second joint: Rotation angle: +135°. The
length between the center of the axis | and Il is 65cm. Third
joint: Angle of rotation: 90° and -45°. The length between the
two centers of axis | and Il is 47cm. The total volume of the
Almegal6 Robot; V = 0,12035 m?. Total weight of the robot:
250kg. The mass of joints is as follows: m, = 100kg, m, = 67kg,
m, = 52kg, m, = 16kg, m, = 10 kg, m; = 4kg, mg = 1kg.

The motion system Almegal6 Robot is a nonlinear
system that has constant model parameters and is
interfering with the channel between the component
motion axes. According to the literature as follows [3], the
first three joints have fully integrated the dynamics of the
freedom arm. The motor connected to the joint is usually a
planetary gear and Small air gap. Itis influenced by friction
such as static friction, friction, viscous friction and so on.
Therefore, the first three joints are the basic chain that
ensures movement in 3D (X, Y, Z) space. The basis for the
study of the next steps in robot manipulator motion
systems. The problem with the controller is that: should
design the quality control ensures precise orbit grip that
does not depend on the parameters of the model
uncertainty and the impact on channel mix between
match-axis error between joint angles and the angle joints
actually put a small (<0.1%).

3. REPETITIVE CONTROL LAW
3.1. Dynamic Model of Robot Manipulators
The dynamic of an n-link rigid manipular [1, 2, 3, 4, 6]
can be written as
T=M(@)§+Vin(9.9)q+G(a) +FyG @)
Where q is the n x 1 joint variable vector, T isanx1
generalized torque vector M(q)is the nxn inertia matrix,
H(qg,q)is the n x 1 Coriolis/centripetal vector, G(q) is the

n x1 gravity vector and Fy is the n x n positive-definite,

diagonal matrix that is used to represent the dynamic
coefficients of friction, and all other quantities are as
defined in Chapter 3, [3].

3.2. Controller Design

To motivate the design of the repetitive control law
(RCL) [Sadegh et al. 1990], [3], we note that the dynamics
given by

ud(t) = M(qd)qd + Vm(qd | qd)qd + G(qd)+ qud (2)

are repeatable if the desired trajectory is periodic. That
is, even though there may be unknown constant
parametric quantities in (2), the signal represented by the
nx1 vector ud(t) will be periodic or repeatable. Therefore, in
the subsequent discussion, we assume that the desired
trajectory is periodic with period T. This periodic
assumption on the desired trajectory allows us to write

Uy(t) = uy(t-T) 3)
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since the dynamics represented by ud(t) depend only
on periodic quantities. Utilizing the repeatability of the
dynamics given by (2), the RCL is formulated as:

T=0,(0)+k r+ke+k,[e| r (@)

Where the nx1 vector (d(t) is a learning term that is
used to compensate for the repeatable dynamics ud(t) and
all other quantities are the same as those defined for the
DCAL. The learning term (d(t) is updated from trial to trial
by the learning update rule;

lAjd(t) = ﬂd(t-T)+kLr (5)
Where kL is a positive scalar control gain.
The filtered tracking error is defined as: r=e + ¢

We will write the learning update rule given in (5) in
terms of the learning error, which is defined as:

0y(t) = 04 (t)- Gy (t) ©6)

Specifically, multiplying (5) by -1 and then adding ud(t)
to both sides of (5) yields

ud(t)-ﬂd(t): ud(t)-ﬂd(t-T)-kLr (7)

By utilizing the periodic assumption given by (3), we can
write (7)

Ug(t)- 0y (t) = ug(t-T) -0y (t-T) -k r ®)

From (6) instead of (8), which gives the learning error
update rule:

ﬂd(t):ﬂd(t-T)-kLr (9)

where 0,(t) is defined in terms of (6).

we rewrite (1) in terms of r defined in r=e+¢. That is,
we have

M@)F =-V,,(0,9r +u,(H-T (10)

where the nx1 vector u,(t)is used to represent the
“actual manipulator dynamics” given by

U, () = M(@)(6, +€) + V,, (@, 6)(0, +©) + G(a) + R, (11)

Adding and subtracting the term u,(t)on the right-
hand side of (10 yields)

M(Q)F =-V. (6, §r +u,(t) +U—-T (12)
where Uis defined as
U=u,(t)-u(®) (13)

As shown similarly in [Sadegh and Horowitz 1990], this
difference between the actual manipulator dynamics (i.e.,
ua(t)) and the repeatable manipulator dynamics (i.e., ud(t))
can be quantified as

[0/ = e+ el + G Il + <. el

where ¢,,¢,,¢;,G, are positive bounding constants that

depend on the desired trajectory and the physical
properties of the specific robot configuration (i.e., link mass,
link length, friction coefficients, etc.). The last step in

(14)
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forming the error system is to substitute the control given
by (4) into (12) to yield

M@)F =V, (. &)r—k,r —k e —k, |¢|* r+C, (0 +0
3.3. AGlobally Stable Repetitive Control Law

We now analyze the stability of the error system given
by (15) with the Lyapunov-like function

(15)

V= ;r M(q)r+ k e e+—j ' ,(0)u,(0)do (16)
Differentiating (16) with respect to time yields
V= %rTI\'/I(q)r +r'M(a)f +ke'e

(17)

~T
d

0, (t)- 07 (t-T)0y(t-T))

Substituting the error system given by (15) into (17)
yields

V=k,e'e-k,r'r—kr'e—k,|e| rr+r'0

. f(m(q)—zvm @@Hr+ra’ Q)

L

Lt o r
+ Z—kL(Ud(t)Ud(t)-Ud(t-T)Ud(t-T))

(18)

Since M + 2Vm is an inclined matrix, it is easy to see that
the second line of (18) is zero and based on (9), determine
the following:

. ~ 1
V=koeTe—k,rr—k,re-k, [ef r'r+r'0-—kr'r (19)

From (19) we can place an upper bound on in the
following manner:

) 1 (]
=V <k eff - e, += kO -k Jeff [+l (20

Which k_,k, +%kL satisfies the following conditions:
ka > c2 + c4

ko> S

p

¢ C,
2 G 4

where ¢,,¢,,¢,,¢, are defined (14).

kv+%kL >

We can place the new upper bound on ;
V<A X (22)

Where A, is a positive scalar constant given by A, {Qy} :

=4 —% el
RVArRe e |

Q=

} (23)
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We now detail the type of stability for the tracking error.
First note that from (22), we can place the new upper
bound on:

V<A i (24)
which implies that

o . o 2
jo V(o)do < -A, jo [r(0)] do (25)

Multiplying (25) by -1 and integratis the left-hand side
of (25) yields

V(0)- V() = A, j:||r(o)||2do (26)

Since is negative semidefinite as delineated by (22), we
can state that V is a nonincreasing function and therefore is
upper bounded by V(0). By recalling that M(q) is lower
bounded as delineated by the positive-definite property of
the inertia matrix, we can state that V given in (16) is lower
bounded by zero. Since V is nonincreasing, upper bounded
by V(0), and lower bounded by zero, we can write (26) as

w 2
A, )] do < oo (27)
or

o 2
\/Ag [ @) do <= (28)
The bound delineated by (28) informs us that (see

Chapter 2), [3], which means that the filtered tracking error
ris bounded in the “special” way given by (28).

To establish a stability result for the position tracking
error e, we establish the transfer function relationship
between the position tracking error and the filtered
tracking error r. From r = e + &, we can state that

e(s) = G(s)r(s) (29)
where s is the Laplace transform variable,
G(s) = (sl+)* (30)

and | is the nxn identity matrix. Since G(s) is a strictly
proper, asymptotically stable transfer function and re L},

we can use Theorem 2.4.7 in Chapter 2, [3] to state that
lime=0

lim (31)

Therefore, if the controller gains are selected according
to (21), the position tracking error e is asymptotically stable.
In accordance with the theoretical development presented
in this section, all we can say about the velocity tracking
error e is that it is bounded. It should be noted that if the
learning estimate 0,(t)in (3) is “artificially” kept from
growing, we can conclude that the velocity tracking error is
asymptotically stable [Sadegh et al. 1990],[3]. The stability
proof for this modification is a straightforward application
of the adaptive control proofs presented in Chapter 6,[3].

The repetitive controller examined in this section is
summarized in Table 1 and depicted in Figure 2.
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r ,@___ 4.2. Simulation
Afer building up the algorithms and control programs,

AR . . .
itg =) we will proceed to run the simulation program to test

A
i 1) T i
—’®—’—*d () "+ computer program. the Desired Compensation Adaptation

<>
T T *  Jaw was Simulink with Table 2.

] [ ] [ |_k‘ Table 2. The Parameter of Repetitive Control Law
A A B’AA A

Symbol | The parameter The Parameter value of the joint axis

v - et . . . . g =9 =9g =1t)
Qe | Desiredjointposiion |
. + é 4 qd1=qd2:qd3=5|nt
q, - _
A k, | Scalar K, = 250

4 1 ®.7— k, Constant k, = 250
Figure 2. Block diagram of RCL ky__| Controlgain ky =250
Table 1. RCL Controller T T=2
. 5 After simulation we have results position and position
CTOtrqlile T=0y(0)+k,r+kye+k,[ef r tracking error is depicted Figure 3, 4,5, 6.
ontroller r—e+4é S L
where: r=e+é 4.2.1. Desired joint position is 1(t)
Learning - - ;
0,(t)=04(t-T)-k,r =
Update rule a(D) = Ua(t-T)-k, e e i
. Tracking error e is an asymptotical state. Trackin ' " .
Stability "9 el ymprot " gl B/ =
error € isbounded Sl t
Desired trajectory must be periodic with period T, and / }/
Comments the controller gain k,, k, k_and k, must be
sufficiently large. R B R !
After glancing through Table 1, we can see that the RCL -
requires very little information about the robot being W ¢
controlled as opposed to adaptive controllers that required : /r )
the formulation of regression-type matrices. Another sl
obvious advantage of the RCL is that it requires very little
on-line computation. Ji il
4.REPETITIVE CONTROL LAW FOR THE THREE ~LINK ARM Figure 3. RCL with steady-state position error eliminated

4.1. The problem

We wish to design and simulate the Repetitive controll
law given in Table 1 for a three-link arm in Figure 1. The
dynamics for this Robot arm are given in [6]. From Table 3.1
the RCL can be written as \ SEaTY

m—
e

T, =0y (D+k,r +ke,+k, e

@ = % ® s =™ o
Tne () sy

T, =0, (D) +k 1, +k e, +k, e[ T, (32)

T, =0 (D +k, 1, +k ek, e r,

where r,=e +é,r,=e,+é,r,=e,+e, \
AN als PE Rt B
and [e]° =€ +¢} +€’ \ <
Formulating the learning update rule as given in Table 1 il
yields =
~ ~ Figure 4. RCL with the errors between joints angles
o = Bt Dkt cg t the robot Al J 196 tion h t
- - omment: the robot Almega motion has mee
Ugo (t) = udz(t'T)'ker (33) . . g P
N - controlled requirements: Steady - state error of joint angle
Uga (1) = Ugs(E-T) - K. 1y conveges to zero very fast with transient time is small.
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4.2.2. Desired joint position is sin(t)

PP A A A A ey
JOT ] A ]
SRR INIAN AR RN LWL
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H 1 g o i1 A
N i A T I AT
VAL e
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Figure 5. Desired Compensation Adaptation controller with steady-state
position error eliminated

Figure 6. RCL with the errors between joints angles

Comment: The desired trajectory and the real trajectory
of the Almega 16 robot have a small error and the
transition period of the system is very fast, the mean
position error of the total three joints was very low
(~0.002%). As illustrated in the figure, the position tracking
error is both asymptotically stable. Tracking error é is
bounded. Controller gain k, k, k_and k, must be
sufficiently large.

5. CONCLUSION

As research in robot control has progressed over the last
couple of year, many robot controls began to focus on
implementation issues. That is, implementation concerns,
such as the reduction of on-line computation is causing the
researcher to rethink the previous theoretical development
of robot controllers so that these concerns are addressed.
This paper addresses the problem of re-proofing the
repetitive control law for Robot Almega 16 Robot. In a
Repetitive Control Law always has the desired cycle
trajectory with time T and always provides state
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information update on the time-variant parameters. The
true value is compared to the reference set-point and its
evaluation result is input to the controller for adjustment.
Thus the volume of mathematics in the control algorithm
to reduce more than controls algorithm to research. The
simulation results in software Matlab - Simulink shows that
the Robot motion has meet controlled requirements:
Steady - state error of joint angle converges to zero very
fast and transient time is small.
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