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Abstract— Attaching a small manipulator (mini) with fast can first be designed such that it is optimized both mechan-
dynamic response at the end of a bigger manipulator (macro) jcally (e.g. low inertia and fast response) and via advanced
with larger workspace leads to the concept of macro-mini - ¢qntro] schemes. Then, the macro and the mini manipulators
manipulator, which is seen as a way to improve the system - .
performance as compared to the macro manipulator acting are combined to offer the best of both worlds: the large
alone, for example in terms of positioning accuracy. However, Workspace of the macro, and the fast response as well as
cross coupling between the two counterparts could undermine good precision of the mini.
the practicality of the concept. In this paper, an adaptive neural Sharon and Hardt [1] were the first to introduce the
network decoupler is presented to reduce the coupling effect .,ncent of attaching a mini manipulator to the end of a macro
of the macro-mini manipulators, without the need to have a . , L
proper dynamic model of the macro, and without alteration to manipulator. An optl_c_al Sensor is installed at the end-effect_or_
the macro’s controller. The stability of the proposed scheme is t0 measure the position, and it is shown that the macro/mini
analyzed through the use of Lyapunov criterion. Simulation manipulator could give better performance and improve the
results show that by using the proposed neural network stability of the system as compared to a macro manipulator
decoupler, the positioning accuracy of the macro-mini system 5,4n6 “Sharon et. al. [2] also showed that the macro/mini
can be improved significantly even when the macro manipulator . . . i,
is perturbed by external disturbances. manipulator can increase the bandwidth of both position and

force control. Following these results, several works have
been done in the area of position control [3],[4], compliant
motion control via impedance control [5], as well as hybrid

Robotic technologies are increasingly being employed ifprce and motion control [6]. All the works mentioned above
manufacturing and process industries to enhance automatiéfi¢ based on joint-space, and several publications have also
due to the benefits of cost effectiveness and resource éter appeared, which make use of the operation space.
fectiveness. Robotics reduces the cost of human labor, afBis include [7] which proposed an algorithm based on the
it also helps speed up the manufacturing process which fgdundant operational space, as well as [8] and [9] which
turn increases revenue for the company. Furthermore, robétsed master slave algorithm to control the end effectors of
have better precision and accuracy than human workers, thd@cro/mini manipulator so that it moves along the desired
improving the quality of end products. path. Other notable publications in this area are for examples

On the other hand, robotic technologies are not withoutl0l, [11], [12], and [13].
flaws and shortcomings. Industrial robots are usually bulky Macro-mini manipulators are seen as a method to obtain
and have high inertia, and this limits their responsivenes@ihancements as compared to the macro acting alone. Never-
in terms of mechanical/control bandwidth. Their positionafh€less, certain issues have mostly been overlooked. Firstly,
accuracy is of magnitudes lower than conventional CNC ma&s mentioned earlier, the macro manipulators are usually
chines, due to modeling error of the manipulator, deflectiofdustrial robots with controllers that are closed for alteration
caused by joint compliance or link flexibility, as well asbPY the end-user. This means that any performance improve-
frictions at the manipulator joints. Because of intellectuaiMent of the overall system lies on the micro-manipulator
property and safety issues, the robotic systems are closé@iely. Unfortunately, the micro is placed in series with the
in the sense that external parties (e.g. researchers) are RBCro manipulator at its end, and this constitutes a coupling
allowed to open up the controllers to fine tune or improveeffect between both counterparts. If the macro is vibrating,
the performance of the robots. it will be difficult for the mini to maintain the desired

An add-on manipulator is one way to help improve systenykposition. This_ is especially serious if, for simplicity sakg,_
performance without altering the existing system. This lead§® coupling is neglected in the models of the macro-mini
to the Macro/mini manipulator concept, where the add_oman|pulatpr. The controller designed based on the simplified
mini manipulator is attached to the end point of the macrghdels will not be able to compensate for the effects of the

manipulator (i.e. the industrial robot). This mini manipulatorc"0SS coupling properly. Ironically, a complete macro-mini
manipulator model would not necessarily be advantageous

This work was supported by the Science and Engineering Resear&® well, bec"f‘use the model could be 'FOO Compllc"f‘t_ed to use
Council, Agency for Science, Technology and Research (A*STAR) unddor an effective control. Furthermore, it may be difficult or

Grant 12251 00004. _ _ even impossible to obtain a full dynamic model since the
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ing Technology (SIMTech), 71 Nanyang Drive, Singapore 63g07g°hysical parameters of th_e mac_ro-manipulator or industrial
cyl ai @i ntech. a-star. edu. sg robot are not known to third parties.
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(x.y) (x.¥) B. 1-DOF macro and 2-DOF mini manipulator

> Next, consider a macro-mini manipulator, where the macro
is of 1-DOF and the mini has 2-DOF. This configuration is
M 0, needed because the mini needs to be able to position its end
\ point in a 2-DOF task space, whereas the macro only needs
to bring the mini such that the desired end-point is within
X the mini’'s workspace. The macro-mini manipulator is also
shown in fig. 1, and it can be seen that the 1-link macro is

o T indosttalrobot which is assmed 1 be St enough wilhout

being affected by the end-effector. For the 1-DOF macro, its
Fig. 1. Left: 3-link robot; Right: macro-mini manipulator dynamic model is:

X

Thll él =T1 (2)

Neural networks as nonlinear controllers have receive@hereas the model of the mini manipulator is as follows:

considerable attention from the control community, because ~~ 5
L . Moz Ma23 02 C2 T2

they offer vivid advantages over conventional controllers { } { i } +{ G } = { } (3)
in achieving desired performances [14],[15],[16]. In this | |
paper, an adaptive neural network decoupler is proposda equations (2) and (3), the terms with tilde are terms which
to compensate for the coupling effect between macro arate not exactly the same as those in the full model (1).
mini manipulators, assuming that only the mini's controller Combining equations (2) and (3), the following equation
is available for modification or enhancements. The neurdf oPtained:

m32  M33 73

network weights are tuned online based on the feedback [ #,;, 0 0 0 0 71
of the tracking error, and no dynamic knowledge about the 0 moz mas ég +| C | =| ™ (4)
macro manipulator is needed. The closed loop stability is 0 msz mas 03 Cs T3

a|89 proven via Lya_punov anf_;llysis, _a_nd simulation res_ults By comparing equations (1) and (4), it is seen that some
verify that the coupling effect is significantly reduced with,,1s have been missing, and equatién (4) should be more

the aid of the adaptive neural network compensator. correctly written as:
This paper is organized as follows. In Section I, the model

of the macro-mini manipulator will be given, followed by mi 0 0 01 0 1
position control algorithm for the macro-mini manipulator M2 M23 0 | +| C2 | =] ™
0 m32 ma3 05 Cs 73

which ignores the cross coupling effect in section Ill. In

®)

section 1V, the adaptive neural network controller will be Amir miz2  mas ?:1 Ch
presented, along with the adaptation law as well as the —| ma 0 0 0 | —| AC:
stability proof. The effectiveness of the neural network mat 0 0 03 ACs

decoupler will then be shown through simulation studies ifyhere the missing terms are written in the second row.
section V, and the paper ends with conclusions in section | this example, the macro is a simple 1-link robot and

VL. thus the missing terms in equation (5) can be easily derived.
However, do note that in general, the macro is a 6-DOF
industrial robot with a complicated model, which results in
A. 3-DOF manipulator much more complex expression (e.g. larger matrix) for the
Consider a 3-DOF serial-link planar manipulator, wherdnissing terms. As such, it is advantageous to have a method
the effect of gravity is ignored. A 3-DOF manipulator isto control the macro mini manipulator without the need of

chosen here for the clarity of presentation, but the mathknowing the full model.
ematical derivation can be easily extended to higher-DOF

systems. A sketch of the manipulator is shown in Fig. 1, and ||, pos|TION CONTROL OF THE MACRO-MINI
the dynamic model of the manipulator is as follows: ’ MANIPULATOR

II. MODEL OF THE MANIPULATORS

mii Mz Mas ?:1 G T By ignoring the missing terms in equation (5), the con-
M21 M2z M23 O |+ Co | =| 7 (1) trollers for the macro and the mini can be designed separately
ms1  Mms2z M3z 03 Cs T3 based on the models (2) and (3). The macro controller could
e:
wherem;; and C}, are functions of the masses and lengths 71 = 1 (f1r + kar (B1r — 61) + kpr (01 — 01)) (6)
— T T P T

of the robotic links, as well as joint angles and velocities.

These are common in robotics literature and thus are nbtt a knowledge of this is not required in this work. This
elaborated here due to page limitations. is because most of the industrial robot manufacturers would
Assume also that only the and y coordinates of the not open their controllers for modifications due to IP as well
manipulator’s end-point are of interest, and that the orieras safety issues, and thus any performance improvement of
tation with respect to the-axis is not important. Thus the the overall macro-mini manipulator should come from the

manipulator is redundant with only a 2-DOF task space. mini manipulator itself.



The mini controller is designed as: Assumption 3: In the absence of cross coupling between
macro and mini manipulators which equals to the missing

{ T2 } _ { maz  Mas } g1 terms of equation (5), there exist Lyapunov function candi-
3 Mma2 Ma33 datesV, = e2, andV, = je2, such that:

X . . . : A + ~ z = €yx€yxr = Cyx| —Rdzx€Cx — xzCx zCx —WaxCoyzx
{yr+kdy<yr—y>+kpy<wr—y>—(Je>y Co | Vo= cvobos = Coul—hasbo = kpueo + Aobe) < ~Queus (19)
D)V, = euyoy = eoy(—kayéy — kpyey + Ayéy) < —Que’, (16)
where J is the Jacobian matrix relating the task space
velocities to t_he joint velocitiesy = J6. It is also assumed The controller design philosophy above is simple as it
that there exists an external measurement system such _as - o .
Ssumes a separation of the macro and mini manipulators.

vision which measures the task space position and/or veIociEY .
L . owever, the cross coupling between the two counterparts
of the macro-mini manipulator.

The following assumptions are reasonable and are needisolnot being taken care of, because the missing terms in the
N9 P Fodel (5) have been neglected. A disturbance on the macro
for the stability analysis of the neural network controller

later: would have adverse effect on the mini and vice versa.

Assumption 1: The macro manipulator along with its con- V. DECOUPLING USING ADAPTIVE NEURAL
troller is strong enough to remain stable regardless of the NETWORK
motion of the mini manipulator. _ A. Control and adaptation law

Assumption 2: In the absence of cross coupling between | o 4ar to handle the missing terms in equation (5)

macro and mini manipulators which equals to the missingjc, correspond to cross coupling between macro and mini

terms of equation (5), the mini controller stabilizes the min . : ; o
; ’ ' . P ._manipulators without having the full model, it is proposed
manipulator. This can be obtained by substituting equatlotg us% adaptive neural net\?vorks to approximate l2\ndp cancel

(7) into (3), which gives: the terms. Please be reminded that the macro controller is
Moz Ma3 G, Gy closed for alteration, and thus only the mini controllers can
{ ) } { i } + { ~ } be modified. The proposed mini controller is:

m32  M33 03 Cs
ma22  M23 -1 T2 | _ | M22 Mm23 J!
| msa mas J T3 m32 M3z
it B — &) + kpa (20 — ) — (J0)a e, y { B+ kaa (7 — &) + kpa (7 — ) = (JO)o + NN,
. + ~ .. . .
G + kay (U — §) + kpy(zr —y) — (JO)y Cs Gr + kay(9r — 9) + kpy(xr —y) — (JO)y + NNy
@ o *12]
Cancelling the common terms on each side of the equation Cs
leads to: an)
i o [ # ke (Br — ) + ke (20 — 2) — (JO)s where NN, and NN, are the neural network controllers to
{ éi } =J { Z +k:j Ez —z))+k:p ((mx _;))_ ((J-é)) be designed. In what follows, the neural network contollers
E T y\Yr PY T Yy

©) have been chosen to only have one hidden layer with radial
basis activiation function (RBF). The input weights are fixed,
Using the Jacobians = Jé, the acceleration can be and the centers as well as the spreads are chosen to cover the

s 5 : S ed — T—1( P4 expected range of the inputs, for efg.from —r to 7. Only
expressed ag = J¢ + J, which givest = J™(a — Jb),  pa output weights are tuned adaptively. N, and N N, thus

or » have the form:
! _.,(JQ)Z R 0 (10) NNy = wy (19)
=J! { ZT j’_ k‘:z gr - ;))ik’”((?:;))__((jé))z wherew, andw, are the adaptive weights, while, and
r y\Jgr Py T Yy

¢, are the radial basis functions of the neural network. In
gthis 'Work, the inputs to the network includg, 6., 03, 61,
02, 03, =, y, x andy, (refer Fig. 2). The availability ot

Again, by cancelling the common terms, the followin
equations are obtained:

Er— 3 do(Tr — T po(Tr — ) = and ¢, is nowadays quite common as robot manufacturers
(3 — &) + kaz(ir — %) + Kpa( )=0 (12) dé days quit bot fact
i i) g (G — ) 4+ Ko (g — 1)) = O 12y increasingly offer _real time interface for thg user (Note: The
_ G =) + kau (§ _ 9+ hpy (e =) (12) macro controller is still closed, only the joint angles and
which show that the tracking erroes. = =, —x ande, =  velocities are available for real-time reading).
yr — y converge to zero. The following assumptions are required and are also

Define ey, = €, + Age, andeyy = é; + Ayey. Their

el appropriate based on the universal approximation capabilit
derivatives are thus: pprop pp p y

of neural networks: _
bvz = s + Aabs = —kdzbs — kpz€a + Auta (13) Assumption 4: The ideal neural networks satisfy

oy = Ey + Ayby = —kayéy — kpyey + Ayéy (14) mas may | o1 [ wilge + 0
m32  Ma3 wiT dy + 0y
Using these definitions, assumption 2 can also be ex- _ { —_— } { ACy } (20)

pressed in the following way: mas161 ACs



wherew, = w; —w, andw, = wy — w, are the network
weight errors. Again, by using Jacobiais= J ! (a — J6),
the following equation is obtained:
o[ i ().
J! { -/ }
§—(J0)y
=gt
Bir + kay (9r — 9) + kpy(zr —y) — W;éy = (JO)y — 0y
(24)

Fig. 2. Structure of the proposed neural networks

sides of equation, the error dynamics can be written as:

on a compact sef with [0y, 05, 03,01, 62,05, 2, y, Ty, yr|€ (@ — &) + kaw(@r — &) + kpa(2r — ) — Wa ¢w — 62 = 0 (25)
Q c R'Y, wherew:T andwT are the ideal weights, and

@ Yy ; ) ] i (—)—Fk (—)+k ( —)—WT(ﬁ — 8, =0 (26)
d; and ¢, are the network approximation error satisfying ¥~ —¥ dy(Yr — Y pyYr =Y yPy — Oy
0. < %, and |é,| < %,, whereX, > 0 and %, > 0. Finally, for e,, = €, + Age, and e,y = €, + Ayey, the
The assumption states that the neural networks can be usgstivatives are:
to approximate the missing terms in equation (5) on the .

The dynamics ofe,, and e,,, with full consideration . ) ) T )

of the coupling terms, are derived as follows: Firstly, by ¢vs = €y +Ayéy = —kayéy — kpyey + Wy by + 0y + Ayéy (28)
substituting equation (17) into the second and third rows of

equation (5), the following is obtained: Assumption 5. The ideal neural network weights*”
) ) and w;” are bounded byw}| < W, and [lw]| < W,
M2z Ma3 02 |, | C2 respectively on the compact s&, whereW, > 0 and
mg2  M33 03 Cs W, > 0.
_ { Mas  Mas } J-1 The adaptation laws fow, andw, are:
m32  MM33 .
. i X T .. Wy :Fzézeuz—gzrz|euz|wz (29)
|: Tr + kdz(xr - -'1;) + kpz(xr - -'1;) +wz ¢z - (Je)z
+ C::’Q _ mglél _ AOQ . .
s — ACs wherel'; > 0 andI', > 0 are gain matrices, ang, ando,

(21) are scalar parameters.

By assumption 4, the above equation can be written as:B. Sability proof

Maa a3 b Cs Theorem 1. Consider the dynamics of the macro-mini
ma2  M33 65 Cs manipulator as given in equation (5), with the control law

m22 M23 -1 i
B { maz mas |7 eITOIS ey, €4y, €, ande,, as well as the network weight
errorsw, andw, are uniformly ultimately bounded.

. . . T A
X { Er + K Exr = @)+ kpa(2r — 2) + Wy b — (JO)a } Proof: The proof will be given only for thec component,

. o fd ;
Ur + Kay (9r = 9) + kpy (@r = y) + Wy 6y = (JO)y as the proof for they component is similar. Consider the
+ Co | | ma2 mas g1 wiT by + b, following Lyapunov function candidate:
Cs Ms2 M33 wy" by + 0y 12 1 -1
(22) Vi = 5650 + 5Wal'y Wa (31)
Deleting all the common terms gives: The derivative of the Lyapunov function candidate is:
52 Vz = €yzCyx + WfF;lwz
|: é3 :| = e”z(—kdzéz - kpzez +w£¢z + 6. + )\zez) + EfF;lwz
=J! |: Zr + kdz(a}’" - :17) + kpz(xr - :17) + w5¢z - (Jg)z :| = e”z(_kdzéz — kpzex + )\zéz) + evzdz + 6uz@£¢z
Bir + kay(Jr — 9) + kpy(zr — y) +wy dy — (JO)y LT,
- *T
1 Wy b+ by By assumption 3, the first term in the Lyapunov derivative
=J is smaller or equal to-Q,.¢2,. Therefore,

:ir + kdz(i;r - ZE) + kpz(xr - ZE) - Egéz - (J@)z - 61 :| . 2 T T 1
X . . . — 70 < —Qz v vxOx uz_z T _z T W
{ i+ Ky (i = 9) + by (2r — ) =W, 6y — (JO)y Vo £ —Qatun + Cuade + Evali fo + Wal5 W

] 33
(23) = —Queiy + Coubs + e (eonts + Ty W) (23)

Therefore, after removing all the common terms from both

(17) and weight adaptation law (29)/(30), then the tracking



Substituting the adaptation law (29), and noting that=
—w,, the following is obtained:

Vz S —Qzel%z + evzdz

+ 0L (evede — Ty Tadoevs + 025 ' Tolews|ws)  (34)
= —Qzeiz + evz(sz + Uzwfwz|6vz|
Noting that:
—T x — T
=Wy Wy — Wy Wy
— . 2
< [we [[lw || — [[we| (35)

— — 2

< [we [We — [[we|
— 2 2
= —([@a]l = 3Wa)" + 1 W,

where the second inequality is based on assumption 5, the

following inequality for V, is obtained:

Vi < —Qu€2y + oubs + 02T Wa| €]
< —Quely + vale — 0o ([Wall — 1 Wa)?|eve| + Z W7 evs
= leve| (—Quleve| + (62| — 0w (|[Wa]| — 3Wa)? + Z=W7)
< level (= Quleve| + To — 0w ([[Wall — $Wa)? + ZEWE)
(36)

To analyze the characteristics ot note that— Q. |eyz|
and —o,(|w.|| — $W,)? are both non-positive. At the

extreme case of o, ([|[w, || —1W,)? =0, thenV is negative

when:

—Qz|evz| + Ez + %Wi < O (37)

or )
T R o
Q

On the other hand, at the extreme case-6}.|e,.| = 0,
thenV is negative when:

o ([l = AWa)? + 2, + W2 <0

leva| > (38)

(39)
or
=,

x

|[w. || > %Wz + \/iwg + (40)

This means that as soon &s,.| or |[w,.| grow larger
than the bounds abové&; will be negative, implying that the
tracking errore,.., as well as the network weight errax, are
uniformly ultimately bounded. Finally, since,, = é,.+A e,
is a stable system [17]:

2
leva| _ FWe + 3 1.5372 : : —
|€z| < N S 33 (41) — — —Without NN Decoupling
* * 15371l —— With NN Decoupling
implying that the tracking erroe, is uniformly ultimately '
bounded. 15371}
£
V. SIMULATION RESULTS 2 gsl 0 0
. \ i ' 1
: . . < [ R
The effectiveness of the neural networks decoupling is L L L L U
e . . . . . . . . ,\ i ' s 1 4
verified via simulation studies. The simulation scenario is as LS // Vo ¥ W
follows: The macro is commanded to maintain at a constant iss;el R Y
angle 6,, while the mini is controlled such that its end- '

point stays at a certain task-space position, given by the
x — y—coordinates. The macro is perturbed with a strong
external disturbance, which would force it to vibrate and
eventually the end-point of the mini will vibrate as well Fig. 5.

- xy)
End point vibrates due \ Y
to cross coupling

Disturbance
acting on macro

Fig. 3. Macro is perturbed while mini tries to maintain end-position
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Fig. 4. End-position x-value when macro under sinusoidal disturbance

due to cross coupling. The simulation example is illustrated
through fig. 3.

The simulation results for the cases with or without the
neural network compensators, where the disturbance onto the
macro is sinusoidal with 1Hz frequency, are shown in figs. 4
and 5. It is vividly seen that the end-point of the macro-mini
manipulator remains almost stationary even when the macro
is perturbed, if the neural network controller is activated. This
is a strong improvement as compared to the case without
neural network compensation.

Next, for the case where the disturbance are more random,
the results are shown in figs. 6 and 7. Again, while the

Time /s

End-position y-value when macro under sinusoidal disturbance
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positions of the macro-mini manipulator’'s end-point vibrate
violently when neural network controllers are non existent{11]
they are still well-maintained when the neural networks are

used.
VI.

CONCLUSIONS

[12]

In this paper, an adaptive neural network controller is
designed to reduce the coupling effect between the macrrs)
and the mini manipulators, for the case where the macro

manipulator's controller is closed for alteration by robot; ,

manufacturers, and only the mini controller can be modified.
The control law together with the adaptation law for the

neural network decoupler are provided in details, and th

stability of the overall system is also proven using Lyapunov

analysis. Finally, the effectiveness of the proposed controller
is verified through simulation studies. It is seen that th

end-point of the macro-mini manipulator remains almost
stationary, even when the macro is perturbed by strong’]
external disturbances. Future work includes implementing
the adaptive decoupler on an actual macro-mini manipulator
in order to validate the simulation results.
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