Struct.wral network nodeling and adaptive control of dynam cal systens 1
Field of Invention The present invention relates in its general context
to the control of dynam cal systens (e.g. multi-degrees-of-freedom
mechani cal systens, el ectronechanical sys- tens) using structural network
nodel s of the plants' own known functi@s. The invention is, in particular,
directed to an adaptive control systemfor the control of the operation of

robotic manippl2t 8ol canndt BAGHK IO &E: ﬂlfcréagﬁlgl e dsHBr better control perfor-

mance, faster operation speed from industry. Different nonlinear control techniques
have been investigated. Computed Torque Control is one of the most intuitive con-
trollers, which relies on the exact cancellation of all the nonlinear dynamics of the
system. The disadvantages of such a controller include: (i) exact knowledge of
the dynamics is required, (ii) robuét closed-loop stability is difficult to guarantee
if accelerations are not measurable, which make the scheme not very attractive to

industry.

Robots may have to manipulate loads of different weights, sizes and mass distri-
butions, the dynamics of the robots are also different. Controllers designed for a
particular nominal payload may not be able to control the system properly for all
changes in the parameters. Adaptive control systems can be designed for this sit-
uation. In general, an adaptive controller is different from an ordinary controller
in that the parameters of an adaptive controller are variable and adjusted by an
adaptation mechanism. The so-called “direct” adaptation mechanism has been fre-
quently used in the robotics literature, which computes the controller parameters

directly from the tracking error and the states of the system.

It is well known that the dynamics of robots are linear-in-the-parameters. Some prior
art adaptive controllers have been proposed based on the linear-in-the-parameters
models. The controllers are both stable and robust under certain conditions. Despite
the fact that there are several softwares available to help to deduce the dynamics of
robots, it is still very tedious and time-consuming to obtain the dynamic equations
of the robots except for the very simple ones. It is also extremely error prone to

express the dynamics as a product of the regressor and the parameter vector.

Recently, some prior art suggestions have been made to use a neural network to
overcome the need for a linear-parametrization model. In many schemes, the neu-
ral networks are first “trained” off-line to obtain sufficiently accurate approxima-,
tions of the systems, and then the networks can be appropriately used to construct

controllers. This scheme suffers from the following disadvantages. Since there is



Roboti.c mani pul ators are nultivariable, highly nonlinear, dynamcally
coupl ed el ectro- nechanical systens. Driven by the desire for high degree
of autonation, fast speed operation and good control perfornmance from

i ndustry, extensive research work has been carried out on their controller
design. Increasingly sophisticated tool® fromnonlinear control theory has
been devel oped for better tracking performance. Con- current advances in
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The Invention

Accordingly, it is an object of the present invention to provide general linear-in-the-
parameters models for dynamical plants by simply constructing structural networks
of known functions of the plants and unknown network parameters in order to elimi-
nate the problems associated with the error prone and time consuming conventional

dynamic modeling processes.

It is another object of the present invention to provide an adaptive control sys-
tem based on the structural networks so as to eliminate the tedious conventional
modeling processes, and also eliminate the problems associated with neural network
parametrization such as the usual approximation errors, the choices of number of
layers in a neural network, and the number of nodes necessary in order to guarantee

desired closed-loop performance.

It is still another object of the present invention to provide general linear-in-the-
parameters models for a robot by simply constructing structural networks of known
functions of position (and velocity) variables and unknown network parameters in
order to eliminate the problems associated with the error prone and time consuming

dynamic modeling, even though the exact mechanical structure may be not known.



..PR . 3 no underlying proof
of closed-loop stabilities, systens which perfornmed well in the |aboratory
m ght beconme unstable in real -world operations. Further, these design
techni ques did not consider the effects of changi ng dynam cs and operations
outside a well defined operating range,4qthe resulting systemwould not be
able to handl e the disturbances effectively. Qher prior art attenpts were
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of the inertial reference coordinate system and the moving relative coordinate sys-
ﬁems, formulations of transformation matrices, through the Lagrangian functions

and Lagrange-Euler equations, and ends at the problem of parameter identification.

It is a further object of the present invention to provide an adaptive control sys-
tem for robots which does not have the problems associated with neural network
parametrization such as the usual approximation errors, the choices of number of
layers in a neural network, and the number of nodes necessary in order to guarantee

desired closed-loop performance.

It is still a further object of the present invention to provide a general adaptive
control system which is stabie' and independent of the actual physical structures of
robots except for the number of degrees-of-freedom. Therefore, an adaptive con-
troller designed for a n degrees-of-freedom robot can be used for any other kinds of |

mechanical structural robots as long as the number of degrees-of-freedom is n.

It is yet still a further object of the present invention to provide a general adaptive
controller which requires minimum knowledge about the controlled robots, provides
user friendly tuning gains for different control performances, and shortens the de-

velopment period of the control system.

3 Summary of the Invention

The foregoing objects are achieved and the foregoing problems are solved in one
illustrative embodiment of the invention. Dynamic modelihg of robots becomes
simply the construction of Structural Networks based on the systems’ own known
functions. As long as the size of the network is large endug_h, the system is exactly
parametrized. The approximation error of neural network modeling is removed. A

general adaptive controller is presentéd based on the resulting network models of
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Brief Description of the Drawing

The following detained description of the invention will be more readily understood

when considered in conjunction with the accompanying drawings, in which:

Fig. 1 is a block schematic diagram of a prior art model-based adaptive control

system.

Fig. 2 is a block schematic diagram of a prior art neural network based adaptive

control system.

Fig. 3 is a block schematic diagram of an illustrative control system constructed in

accordance with the principles of the present invention.

Fig. 4 is an expended block schematic diagram of the signal processing block 301

as shown in Fig. 3.

Fig. 5 is an expended block schematic diagram of the ith element, g;, of the block
303-1 and the z5th element, cZ,-,-, of the block 303-2 as shown in Fig. 3, respectively.

Fig. 6 is an expended block schematic diagram of the ijth element, ¢;;, of the block
303-3 as shown in Fig. 3.

Fig. 8 is a graph showing position tracking versus time of a first simulation.

Fig: 9 is a graph showing control signals provided to the robot versus time of a first

simulation. ' .

Fig. 10, 11 and 12 are graphs showing adapted parameters of the networks versus

time of a first simulation.
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paranmeters nodels for a robot by sinply constructing structural networks of
known functions of position (and velocity) variables and unknown network"
parameters in order to elimnate the problens associated with the error
prone and tinme consum ng dynam ¢ nodel i ng, even though the exact nechani cal
structure may be not known. 4
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In these diagrams, plant represents any type of dynamical plants being controlled
(e.g. robots and multi-degrees-of-freedom positioning or tracking systems, etc.), and
x represents measured or estimated feedback information of the plant such as the

states, the outputs and other auxiliary signals.

4 Detailed Description of a Preferred Embodiment

In the ensuing discussion, the structural network modeling underlying the present
invention will be firstly discussed. Subsequently, an illustrative control system using
the underlying network models will be presented in detail. The following discussion
is a simplified summary of a rigorous mathematical theory presented in detail in
the report entitled Structural Network Modeling and Adaptive Control of Robots
by Shuzhi S. Ge and C.C. Hang, & copy is included in the patent file. As such,
the detailed analysis presented in the report should be understood as the proper
mathematical expression of the underlying theory and some inaccuracies may be

introduced in this summary.

4.1 Structural Network Modeling

A mechanical manipulator consists of a sequence of rigid links connected by either
revolute or prismatic joints. For an n degrees-of-freedom (DOF) robot, there are n
joint-link pairs with link 0 attached to a supporting base where an inertial coordi-
nate frame is usually established for the dynamic system. The joints and links are
numbered outwardly from the base; thus, joint 7 is the point of connection between.

link ¢ and link 2 — 1 {1].



tem for robots which does not have the probl enms associ ated w th neural
networ k paranetrization such as the usual approximtion errors, the choices
of nunber of layers in a neural network, and the nunber of nodes necessary
in order to guarantee desired closed-l1oop performance. It is still a
further object of the present invention to provide a general adaptive
control systemwhich is stable and i ndepéndent of the actual physical
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The foregoi ng objects are achi eved and the foregoi ng problens are solved in

one where Py is the parameter vector and
T T T T
Sik = []’sl 7321""321:] (2)

with the sub-vectors, s,,, m = 1,2,...,2n, being defined by stacking the elements

from the set:

7 O - k lny41 1
Hep :={sin" qy...5in" ™ g,, cos™ q;.. .cos® " Gy Gy 1 -+ qn",

Yokl €0 Skl 250+ k) + 30 Li=m,

i=1 J=n1+1
1= 11""nhj =n + 1,...,1’2]} (3)
The element, 1, in S is to take care of the constant parameter of d;;. For clarity,

let the set Hy := {1}. Theu, Si can be constructed by the elements in the set:
Hie = {Hm,0<m< 20} 4).

A reduction in the number of elements in H;; is possible by using the fact that
sin2g; 4+ cos?q; = 1 and the definition of d;;. It is not going to be elaborated further
since it is not the main contribution here. Let H,; be the minimum subset of Hy
such that d;; is exactly parametrized. Then the function dy; is over parametrized (the
number of parameters is more than necessary) by H;; and P;; with some redundant

zero elements, where H D Hix D Hir-

From equation (1), we obtain
ad;;
})TI.: zgk ]JlJ (5)

where
0S;;

Wi = [aqk

O8m
g

_ T . T T T
} = [0, w};.ws2, -y Wy(am))]

Wsem ,ym=1,2,...,2n



Il lustrative enbodi mrent of the invention. Dynam c nodeling of robots
becones sinply the construction of Structural Networks based on the
systens’ own known functions. As long as the size of the network is large
enough, the systemis exactly paranetrized. The approxi mation error of
neural network nodeling is renoved. A gegperal adaptive controller is
presented based on the resulting network®nodels of '

5 robots. It that the closed-1oop systemis asynptotically
stabl e and {Eﬁﬁggggﬁi @%% are all bounded even though the system may be
over paranetrized. Var- ious contrbiﬁé@s dhm;beadéﬁigned based on the

i nventive nodel i ng appr oach St esSerg (gqlpe"’eadgsrnquv rious control
t echni ques. 1 _ '
The same applies to the potential energy, V(g), which can be expressed as
Vig)= S5 Po : (6)
where

So =11,sT,sT, ..., sT|T ' (7)

where s, € Hmm. m = 1,....n. Similarly, we have

oV
gk = 8(51:]) = wi Po ®)
with
a5 Os:
Wor = [a_ql?:l - [0"“):1’103;, ...,w;{l T, Wy = _6_q,: (9)

Because wo is the partial derivatives of Sp, the constant parameter Py, is nullified

by the zero element of wp. Therefore, we can simply redefine Sp and woy. as

So = [sT,sT, .. s (10)
a5 .
wor = [—8-53] = [wfl,w;g,...,wz; T (11)

and change the dimension for £ accordingly.

Once Si, and So are pre-determined to parametrize all possible variations of D(q)
and V/(g), the corresponding network based dynamics for robots can be described
by the Network Model I:

D(g)i+Clg,9)a+Glg) =7 (12)

where
dii(q) = Si;Pe - (13)
ckilg,q) = iz:l:lcijk‘}i = % g [wZ};ij + wi; P — w?jk-”ij] g (14)

ala) = wlPo | (15)



Brief Description of the Drawing The .foll ow ng detai ned description of
the invention will be nore readily understood when considered in
conj.unction with the acconpanying drawi ngs, in which: Fig. 1 is a block
schematic diagramof a prior art nodel -based adaptive control system Fig.
2 is a block schematic diagramof a prior art neural network based adaptive
control system Fig. 3 is a block sche|9ati c diagramof an illustrative
control syst St t sent
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The above parametric description for G(q) is deduced from the network description
for the potential energy V(q). Actually, the proposed network modeling approach
can be applied to G(gq) directly. Let So. be formed by all the elements in the set
Hor € H, and Py be the corresponding parameter vector such that g = SZ Pox,
then we have the Network Model II:

D(q)g+ C(q,9)¢+G(g) =7 (16)
where
dii(q) = SiiPi (17)
cei(g,q) = ti;cijkéi = :;‘i] [wkTﬁij + wZ;iji - :JthJ] (18)
al)) = ShPw (19)

The networks for d;;(q) and g;(g) are shown in Fig. 13, and the network for ¢;;(g, §)
is shown in Fig. 14. The network representation of the Network Model I is shown
in Fig. 15. By changing W; to Sp in Fig.15, we have the corresponding network

representation of Network Model II.

From the above analysis, it can be seen that

1. Dynamic modeling of robots becomes simply the construction of structural
networks based on their own known functions, and the dynamics of a robot
can be exactly parametrized by augmenting its parametric space and the cor-
responding known regressor functions, since all the elements of the inertia
matrix D(g) and the potential energy V(q) (or the gravitational forces G(q))

~can be precisely parametrized by all possible combinations of known func-
tions of positions, such as cosg;, sing; and ¢; (or by the network of the above

functions).



303-3 as showmn in Fig. 3. Fig. 8 is a graph show ng position tracking
versus time of a first simulatien. Fig. 9 is a graph show ng control
signals provided to the robot versus tinme of a first simulation. Fig. 10,
11 and 12 are graphs show ng ‘adapted paraneters of the networks versus tine
of a first sinulation. robots. "It can be shown that the

cl osed-1 oop systemis asynptotically stHble and the paraneters are al
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pr esent ed if the size of the network is large enough (less than or equal to the maximum).
The approximation error of neural network modeling is removed. Modeling
errors do exist, however, if network models of smaller sizes are used to capture

only the main features of the functions.

3. The present inventive modeling approach is independent of the physical struc-
tures, i.e., it can be the same for different structures of robotic manipulators

as long as the numbers of degrees-of-freedom are the same.

4. The present inventive modeling approach is applicable to any multi-degrees-of-
freedom mechanical systems which are similar to robotic manipulators math-

ematically.

5. The present inventive modeling approach is applicable to any dynamical sys-

tems which can be expressed as networks of known functions of the plants.

6. The present inventive modeling approach can also be used to solve the nonlin-
ear friction modeling problems by éimp]y constructing a function space large
enough to include all nonlinear possibilities as for G(g) in the Network Model

11 (16).

Different identification techniques can be use to estimate the nominal values of the
parameters of robots. The nominal models can then be used to design controllers
using the various control design techniques. In the next subsection, an adaptive
controller is presented based on the above structural network models. Parame-
ter identification is not an essential step for the adaptive controller because it can

“learn™ and adapt the above parameters accordingly.

4.2 Structural Network Model-Based Adaptive Control

In this section, an adaptive controller based on the network para.metric model I (12)

is presented. The controller is a simplified version of the more complicated controller



here using various control techniques. Brief Description of the Draw ng
The foll ow ng detained description of the invention will be nore readily

under st ood when considered in conjunction with the acconpanyi ng draw ngs,
in which: Fig. 1is a block schematic diagramof a prior art nopdel - based
adaptive control system Fig. 2 is a block schematic diagramof a prior

art neural network based adaptive contrdl system Fig. 3 is a block

schematic di ' tA :
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accordance e princip f e present | nvention. IS an
expended bl ovkdelshe(h§) icen deadtained by tsheplyi expahdipg dbe sane gedbinopies Posented -
shown in FiQ&.l §- Fig. 5 is an expended bl ock schematic diagramof the ith
el enent [erf?'of the block 303-1 and the ijth elenent, [err] of the bl ock
303-2 as shown in Fig. 3, respectively.

Lemma 4.1 [6]
Let e(t) = h *r, where h = L™1(H(s)) and H(s) is an n x n strictly proper,
exponentially stable transfer function. Thenr € L2 => e € L2NLP,é€ L2, e is

continuous and e = 0 ast — oo. If, in addition, r - 0 ast — oo, then é — 0.

Let gq be the desired position trajectory, and ¢4 and gy be the desired velocity and
acceleration of the desired trajectory. Define the tracking errors as e = ¢ — ¢,

é = g4 — ¢ and other tracking variables as

& = G+ Ae (20
g = qa+Ae (21)
r o= G—g=é+Ae (22)

where A = diag]{);], A > 0. In this case, H(s) = diag[l/1 + Ais]. According to
Lamma 4.1, to study the stability of e and €, we bnly need to study the properties

of r. Actually, other forms of H(s) can be chosen as well, see [7] for detail.

Let (7) be the estimate of (.), and define (1) = (.)—(2). Further, let D(q), C(q, §) and
é(q) correspond to the estimates of D{q), C(q, §) and G(q), respectively, obtained by
substituting the true parameter vector P and F; by the estimated parameter vector
P and P,. Accordingly, let ci,-j(q), ¢:i(q.q) and g;(q) correspond to the estimates of
d:;(9), ¢ij{g,q) and ¢i(g), respectively, obtained by substituting the true parameter

vector P;; and Py by the estimated parameter vector }3,-,- and 130, i.e.,
diilq) = SGPy (23)
. . 1 & 5 o A1,
crilg.q) = 3 > [wZ},-Pf.-,- + wi; P — 103;/;1’:'1'] g (24)
t==1
alg) = wibo (25)

Accordingly, the networks for J;,-(q) and §;(¢) can be represented by Fig. 5, and



Fig. 6-is an expended bl ock schematic diagramof the [err] elenent, [err]
of the block 303-3 as shown in Fig. 3. Fig. 7 is an network block di agram
representation for [err](q), [err](q, [err]) and [err](q). Fig. 8 is a
graph showi ng position tracking versus time of a first- simulation. Fig. 9
Is a graph showi ng control signals provided to the robot versus tinme of a
first simulation. Fig. 10, 11 and 12 ad2 graphs showi ng adapted paraneters

(7)f the net WohkShet®badr &8 ¢9fis Shdvhd §f Fi. 8!l Rhé QBtwork implementation of D(g),
" (g, 4) and G(q) as a whole is shown in Fig. 7.

Consider the general controller introduced in [7] of the form
A ~ ~ t
T = D{q)¢ + C(q,9)¢- + G(q) + Kr + I\’,-fo rdr (26)

The first four terms give PID type control, with K; introduced to eliminate static
tracking errors. Note that PD control is effectively introduced through the definition
of r in (22).

A closed-loop error equation can then be obtained as
D(q)# + C(q,¢)r + K(1)r + K; /0 ‘ r(r)dr = Dg +C4 +G (27)
where
(ij (¢ = 5
éi(g,q) = % 5: [wz;ipkj + wi; P — w.-T,-kl—’ij] gi
a(e) = wgPo

The closed-loop stability property of the system (27) is given by the following the-

orem (detailed proof can be found in the enclosed report):

Theorem 4.1 If K >0, K; = K >0, the closed-loop system (27) is asymptoti-

cally stable, i.e., e and é — 0 as t — 0o under the following parameter adaptation

= . e T3
Pij = TiiSiGeiri + [Tijwin Tiwize .. Tijwign ]qqrjé

2 . GekTi ~ ThQri’
+> Cijwijngi————— (28)
k=1 =
[30 = [l‘o‘wO] rowoz l“awo,z]r (29)

where [i; = [T, >0, [o =] > 0.

In some cases, a sliding mode control can be introduced for robust closed-loop sta-
bility in the presence of unmodeled dynamics such as frictions, and for different

control performance as explained in [7].



Wthout |osing generality, assume that the first n[err] joints are revolute
and the rest n[ferr] = n - n[err] joints are prismatic. It can be shown that
the ikth elenment, d[err], of the inertia matrix D(q) [err] R err] can be
exactly paranetrized by the foll ow ng general form '

dierr]= S[err] Plerr] (1) where Plerr] is the
paraneter vector and [err]

(2) wth thg aﬁseman&(:t ove d?%%ﬁsﬂéq if'can bés@en thzaf,zn being defined by

stacki ng the rom The el enent, 1,
in S[err] is to take care of the constant paraneter of d[err]. For clarity,
let the set [errAdaptivdcdntrolletydesighed bhsedah the pesptsed uetwilk MyodehB sepai@nt s
in the set:
to the neural network based controllers because the approximation nature of
ncural networks is eliminated since the proposed network model uses its own

known functions instead of pure “imaginary” basis functions (3]{4].

2. Owing to the present invention, complicated dynamic modeling of mechanical
systems now becomes simply a systematic construction of Structural Networks
based on systems’ own functions. Since the network models are valid for all
kinds of robots ha.ving the same number of DOF, the new modeling approach

is independent of the physical structures of the systems.

3. The presénted_ ada,ptiiré controllers are based on the network models of robots,
and the closed-loop system is asymptotically stable and the parameters are all
bounded even though the system may be over parametrized. The controller
design for a particular robot can be used to control other kind of robots having

the same numbe_rs of DOF.
Further, we have the following remarks to make:

1. If the same controller (26) is used but based on the Neural Network II (16),
then it can be shown that the closed-loop system is stable if (i) the adaptation
algorithm for B;; is the same as (28), and (ii) the adaptation algorithm for Py;
is, for T'y; > 0, given by

P oi = DoiSairs (30)

2. Similar adaptive controllers can be obtained by applying the same procedures
to cases when friction modeling is included using a structural friction network

to emulate the possible combinations of system frictions.

3. Various controllers can be obtained by (i) re-defining r, (ii) using different
parameter adaptation algorithms, and (iii) using various control techniques

for the Network Models presented here and their modifications or variations.



[err] = [err], Oferr] m[err] 2n} (4) A
reduction in the nunber of elenents in [err] is possible by using the fact
that- sin[err][err] + cos[err][err] = 1 and the definition of d[err]. It is
not going to be elaborated further since it is not the main contribution
here. Let [err] be the m ninmum subset of [err] such that dferr] is exactly
paranetrized. Then the function d[err] il4 over paranetrized (the nunber of

parameters is TofR thBNINBEELRSAeYart, Wariofh rahaﬁm ElfdllersMslubh 99 Passivdipdant

zero elenents, where [err] [err] [err] [err] [err From equation (1), we
obt ai n trollers, exponentially stable control]{axgrqn]d robust controller combined with

(5) other techniques such as sliding mode methods) can be constructed based on
the network models presented in the previous section, or based on network
models which are presented differently but use systems’ own functions as the

present invention.

5. For those skilled in the art, various controllers can also be obtained based on

modified network models of reduced sizes and having parametrization errors.

4.3 Simulation Example

For the simulation studies, we consider a planar two-link manipulator, whose dy-

namics are described by

D(q)i+Clq.9)¢+Glg) =T (31)
where

my + my + 2m3cosqe M2 + macosqs
D(q) =

mg + M3cosq, iy

. —magasings —ma(q + ¢2)sings
C(g,9) = o

maqising; 0.0

macosq; + mscos(q + g2)
G(g) =

i mscos(q1 + q2)

where the m;’s are parameters of interest.

In order to construct the networks, define

1 1 1
Su = | cosq |, S12=S5n=] sing |, Sz =
oSy
COS8q2 Ccosq3

Se = [sing, sing,, singicosq, cosq‘lsz'nqg]T



VA

8 Therefore, we have ' [err] The sane applies to the
potential energy, V(q), which can be expressed as
V(qg)-= [err] (6) where [err]
where [err] [efr] m=1,...,n. Simlarly, we have
W th
15
It can be seen that the dynamics of this robot is parametrized by
Pll = [ml +7n21072m2]T
P2 = Py =[m2,0,_m.2]T

Pz = [[m2,0]T

PO = [m470a m5sm5]T

In the simulation results, f’.-,-k and Pok stand for the kth elements of the vectors 15,-,-
and P,. Suppose initially that we do not have any knowledge about the system, i.e.,
f’u(O)'= 1312(0) = 1321(0) =0, 1322(0) =0, 130(0) = 0, let us study the performance

of the proposed controller.

When the adaptation algorithms (28) and (29) are activated with I'; = diag{1.0)]
and Ty = diag[10.0], the position tracking performance of the robot is as shown
in Figure 8 and the control inputs are shown in Figure 9. The corresponding pa-
rameter adaptations are shown in Figures 10, 11 and 12. It can be seen that the
tracking error converges because of the “learning” mechanism. The simulation re-
sults thus demonstrate that the proposed adaptive network control can effectively

handle changes in the .dynamics of the system.

Figure 1 shows a schematic block diagram of a conventional model-based adaptive
control system of robots. In general, in order to use this approach with prior art
theory, it is assumed that linear-in-the-parameter dynamics are already known. Dy-
namic modeling of robots is, however, very tedious, time consuming and error prone.
The same modeling processes have to be repeated again for different robots of very

few mechanical structural changes even though the numbers of DOF are the same.

Fig. 2 is a block schematic diagram of a prior art neural network based adaptive
control system. Even though this control approach does not require the linear-in-the-
parameters dynamics, approximation errors usually exist in emulating the nonlinear
functions of robots, and other control methods, such as the sliding mode control,

have to be used to guarantee robust closed-loop stabilities.

In accordance with the invention, the conventional adaptive controller can be im-



[err] Because [err] is the partial derivatives of S[err], the constant

paraneter Plerr] is nullified by the zero elenent of [err] Therefore. we
can sinply redefine S[err] and [err] as [err]
(10) (11) and change the dinension for Plerr]

accordingly.

Once S[err] and S[err] are pre-determined to paranetrize al

possi bl e variations of D(q) and V(q), the correspondi ng network based
dynami cs for robots can be described by thé Network Model |

D(aq)[err]
wher e

* Cﬁﬂmeﬁxg%di l%n)a[ sérgr]infléll%em way sL %Ez;.t] dynamic modeling are not need(ea(%%}}f)n

constructing the controller. A comparison of Fig. 1 and Fig. 2 indicates that the
corresponding elements are corresponding numerical designations. For example, the
plant block 100 in Fig. 1 is labeled block 200 in Fig. 2. Similarly, the signal block
101 in Fig. 1 is labeled block 201 in Fig. 2. Different parts of the same block
have the same block label followed by different identification numbers such as 303-1,
303-2 and 303-3 shown in Fig. 3.

Fig. 3 is a block schematic diagram of an illustrative control system constructed in
accordance with the principles of the present invention based on the Network Model
I. By substituting Sp into W, in Fig. 3, we obtain a schematic block diagram of of

the control system in accordance with the invention based on the Network Model

I

The signal block 301 in Fig. 3 is expanded in Fig. 4. The signal block is used
to provided all the signals needed by different blocks. For example, the tracking
variable signal r is fed to the block 302 in Fig. 3, buses 3bl and 3b2 are fed to

adaptation mechanisms blocks 304-1 and 304-2, respectively.

Fig. 5 is an expanded block schematic diagram of the ith element, g;, of the block
303-1 and the 7jth element, J,-,-, of the block 303-2 as shown in Fig. 3, respectively.
Fig. 6 is an expanded block schematic diagram of the ijth element, &;, of the block
303-3 as shown in Fig. 3. It should be understood that Wy;, Wi, Wiy, Wiji are
vectors of nodes, and ]30,-, Pk;j, Pk;j, 15;,'1.- are the corresponding vectors of estimated

weights in Fig. 5 and Fig. 6.

Various modifications may be made to the preferred embodiments without departing

from the spirit and scope of the invention as defined in the claims.




9 It can easily be seen that the full dynam cs of robots can be constructed
by using the paraneters for D(q) and.V(q), because C(q, W
constructed based on the paranmeters of D(q). Note that sin m“mm\\lmﬂm
G(q) are functions of g only, the sub-networks are static

dynam c. The above paranetric description for G q) is deduted friom™ hé
networ k description for the potential energy V(q). Actually, the proposed
net wor k nodel i ng approach can be appliedlzo G(q) directly. Let S[err] be
formed by aII5th@f‘.11nIr[n nts in the set Herr] [err] [err], and Plerr] be the
correspondi ng pararre.e" vector such that [err] = [err] then we have the

Net wor k Model 11: D(qg)[err] + C(q, [err])[err] +

Xq) = [err]

6
Although only a few embo(d% m)ents of the present invention are disclosed above, other

embodiments, changes and modifications will be immediately apparent to those

skilled in the art. For example, the techniques discussed above can be extended to
much more general classes of systems such as multi-degrees-of-freedom platforms,
electromechanical systems and systems having structured frictions. The techniques
discussed above can be further extended to dynamical systems having modeling
uncertainties by combining with other control techniques for robust stability. For
example, the blocks 203 and 204 in Fig. 2 can be replaced by the blocks 303 and

304 in Fig. 3 for different control performance.

What is claimed is:

1. A control system for controlling a nonlinear dynamic plant having a plurality
of outputs so that each of said plurality of plant outputs approaches a corresponding
desired plant output, said control system having means responsive to said plurality
of plant outputs and to said plurality of desired plant outputs for generafing a

plurality of tracking error variables, said control system comprising:

means for generating a set of tracking variables;

a first controller which is a structural network controller having a plurality of
variable adaptation parameters and being responsive to said plurality of track-
ing variables, to said plurality of plant outputs and to said plurality of desired
plant outputs, and means for generating the first control outputs for controlling

said plant;

an adaptation mechanism responsive to said plurality of tracking variables and
to said plurality of plant outputs for adjusting said variable adaptation param-

eters;

a second controller which is a PID (proportional, integral and differential) con-

troller responsive to said plurality of tracking error variables; and

means for summing said first control outputs and said second control outputs to

generate a control sum, and means for applying said control sum to said plant.



where [err] | (17

The networks for [err] [err] and [err] [err] are shown in Fiﬁ. 13, and the

network for [err](q, [err]) is shown in Fig. 14. The network lﬁmmlﬂ“ﬂimmll

of the Network Model | is shown in Fig. 15. By changing [err
Fi g.15, we have the corresponding netvvork representation of Net wor K- Mdel®
1. Fromthe above analysis, it can be 18cen t hat 1. Dynam c nodel i ng

of robots beCO”ESA%bHHBVS)fst@nQ\.@&ﬁafn%(%Uthrpi mﬂk[éiﬁfb&iﬂ%cans for g@tewaﬁxkgsabased
on their own known functiaons dynami cs of _a robot

exact |y par angt wpekdng Myriahlemeamprings (1) sngpas éf#eﬁtwwmgpﬁac@eplamlﬂwéd%ked plant
respondi ng knemuwgﬁ&mr lBM”&thQ&Sao ﬁn)@pﬁe%'d trh&i %&r}smal lesf gf)c g{g&ﬁé I a

matrix D(q) and'th epotentla ener gy he gravitationa
Gq)) cafortmulbipdyng ebch gfaruhpluralitgdf hyaching ques sabibbles byiai pradétersinet],

't(ﬂce)wnnez \l;\gﬁ( Oﬁx?-(hgve@gﬂ? va{ue&osgénlepart];g 'the l\’;lvcepgh%ed Lzacf:x]ng[v%{*lr i)legnaqm{ ?1515 ]méa.%rs fgly

further summing each of said plurality of weighted tracking variables, each of said

plurality of desired plant outputs to generate other said tracking variables.

3. A control system according to claim 1 wherein said first controller comprises a

plurality of structural networks.

4. A control system according to claim 3 wherein said each of structural networks
comprises a plurality of nodes, each of said plurality of nodes comprising a prede-
termined interpolation function, said structural network further comprising means

for applying said plant outputs to each of said nodes.

5. A control system according to claim 3 wherein said structural networks further
comprise means for generating a set of weighted interpolated outputs and means for

generating function estimators.

6. A control system according to claim 5 wherein said means for generating a
set of weighted interpolated outputs comprises means for multiplying each of said

plurality of interpolated outputs by said variable adaptation parameters.

7. A control system according to claim 5 wherein said means for generating func-
tion estimators comprises means for summing said set of weighted interpolated out-

puts to generate the most immediate said function estimators.

8. A control system according to claim 5 wherein said means for generating func-
tion estimators further comprises (i) means for summing said set of weighted in-
terpolated outputs to generate the intermediate function estimators; (ii) means for
multiplying each of said intermediate function estimators by said plurality of plant
outputs to generate a set of weighted intermediate function estimators; and (iii)
means for summing said weighted intermediate function estimators for generating

final said function estimators.



functions). : 2—The

present inventive nodeling approach is an exact paranetrlzatlo

if the size of the network is |large enough (less than or equalnl ' I"”““““"
L

maxi mum - The approxi mation error of neural network
renoved. Mbdeling errors do exist, however, if netmork nDdeIs of
smal | er sizes are used to capture 1only the main features of the

functi ons. LOVEALT Ve I M ndent, of
t he physi cal s?rA Y8l %&% ak&’\{.ﬁﬁ‘?. tjé cll%mggr‘{d l%gelﬁﬁgds %&lp #I%?m q?'?er g‘n @
structures ofunlctlbmtOif_saldaﬂam avokesown funetdonsong as t he nunbers of

degrees-of -freedom are the sanme. =~ 4. The present inventive nodeling
approach is applACaht:8! sitéRYactWdidg ASORERT- Rherein said means for generating the

first control outputs comprises means for multiplying said function estimators by
said set of tracking variables to generate parts of said first control outpouts; said
means for generating the first control outputs further comprises means for summing

sald parts to generate said first control outputs.

11. A control system according to claim 1 wherein said second controller is a
PID controller responsive to said plurality of tracking error variables for generating

second control outputs.

12. A control system according to claim 1 further comprises means for summing
said first control outputs and said second control outputs to generate a control sum

and means for applying said control sum to said plant.

§13. A control system for controlling a nonlinear dynamic plant having a plurality
of outputs so that each of said plurality of plant outputs approaches a corresponding
desired plant output, said control system having means responsive to said plurality
of plant outputs and to said plurality of desired plant outputs for generating a
plurality of tracking variables, a first structural network controller having a plurality
of variable adaptation parameters and being responsive to said plurality of tracking
variables, to said plurality of plant outputs and to said plurality of desired plant
outputs, and means for generating the first control outputs for controlling said plant,
and an adaptation mechanism responsive to said plurality of tracking variables and
to said plurality of plant outputs for adjusting said variable adaptation parameters,

" the improvement wherein said first controller comprises:

means for generating a set of tracking variables;

a structural network having a plurality of nodes, each of said plurality of nodes

comprising an interpolation {unction of said plant’s own known functions;



freedom mechani cal systens which are simlar to robotic nmani pulators nat h-
ematically. 5. The present inventive nodeling approach i I .
any -dynam cal sys- tems which can be expressed as net\/\amuﬂ(mml mlll

functions of the plants. 6. The present inventive nodeling appréach can *
al so be used to solve the nonlin- ear friction nodeling problens by
si mply constructlng a function space |4 enough to include al

nonl i near POSE{,I slrE%p%%si% tL%&ldqag abl@aa%) a{\lglri \ﬁ?{:g%ng@geilo%r ge{nﬁ'a{nhéja@et of

Different ide I'on techniq 0 est

val ues of the pﬁélghm‘dahﬁerpf)latlﬁb@JﬁASput'fhﬂuhﬂﬂ?a.ﬁﬁfm pedealasing dandthmnesbEnatess t o
design controllers using the various control design techniques. In the next
subsecti on, arnadptiveenchatisol foempidstipg esidntacidbleaaigtation paaatebers; and
structural network nodels. Parame- ter identification is not an essenti al
step for the adebifvegaeriting therfilstcantsd dutpeariot cewtrollingsaidgdapt; t he above
paraneters accordi ngly:* 4.2 Structural Network Model -Based Adaptive

Control 14. In a control system, the improvement according to claim 13 wherein said means

for generating a set of tracking variables comprises (i) means for multiplying each
of said plurality of tracking error variables by a predetermined, fixed weight value
to generate weighted tracking variables; and (ii) means for further summing each of
said plurality of weighted tracking variables, each of said plurality of desired plant
outputs and each of said plurality of plant outputs to generate other said tracking

variables.

15. In a control system, the improvement according to claim 13 wherein said struc-
tural network further comprises means for applying said plant outputs (states or

other auxiliary variables) to each of said nodes.

16. In a control system, the improvement according to claim 13 wherein said means
for generating a set of weighted interpolation outputs comprises means for multi-
plying each of the said plurality of interpolated outputs by said variable adaptation

parameters.

17. In a control system, the improvement according to claim 13 wherein said means
for generating function estimators comprises means for summing said set of weighted

interpolated outputs to generate the most immediate said function estimators.

18. In a control system, the improvement according to claim 13 wherein said means
for generating function estimators further comprises (i) means for summing said set
of weighted interpolated outputs to generate the intermediate function estimators;
(i) means for multiplying each of said intermediate function estimators by said
plurality of plant outputs (the states or other auxiliary variables) to generate a

set of weighted intermediate function estimators; and (iii) means for summing said



In this section, an adaptive controller based on the net wrk—pararetr+e———

nodel 1 (12) is presented. The controller is a sinplified v
nore conplicated controller eumlluuﬁu!t u ““I
1 ai : :

given in the encl osed report. Adaptive Controllers based
paranmetri¢c nodels Il (16) can be obtained by sinply expanding the sanme
t echni ques presented here. Lemma 4. 12{6] Let e(t) = h * r, where h =

L H w I i il
o o i i oSy b Bl PRSI B Sl
[err] [err] tpwrr] e is continuous and e [err] 0 as t [err] oo. .in
addition, r [err] O ast [err] oo, then [err] [err] O.

19. In a control system, the improvement according to claim 13 further comprising
a second controller which is a PID type controller responsive to said plurality of

tracking error variables for generating second control outputs.

20. In a control system, the improvement according to claim 19 further comprising
a third controller having a plurality of fixed parameters and being responsive to said
plurality of tracking error variables, to said plurality of plant outputs and to said
plurélity of desired plant outputs for generating third control outputs; and means

for applying said third control outputs to said plant.

21. In a control system, the improvement according to claim 20 wherein said third

controller comprises a sliding controller.

~ 22. In a control system, the improvement according to claim 19 further comprising
means for summing said first control outputs, said second control cutputs and said
third control outputs to generate a control sum and means for applying said control

sum to said plant.

23. A control system according to claims 1 and 13 wherein said dynamic plant
includes a multi-degrees-of-freedom mechanical system which can be transferred

from an initial configuration to desired final configurations by at least one actuator.

24. A control system according to claims 23 wherein said mechanical system in-
cludes a robotic manipulator having at least two links connected by movable joints
and said al leasl one actuator is a joinl actualor adapted to move said links from

one manipulator configuration to desired final manipulator configurations.

25. A control system constructed and arranged according to Figure 3 of the ac-

companying drawings, and its modifications.

26. A control system incorporating a structural network according Figure 5 of the

accompanying drawings, and its modifications.



Let [err] be the desired position trajectory, and [err] an '
desired velocity and accel eration of the desired trajector m,,t’ [{1 Ii,”"[
el'n

tracking errors as e = [err] - -q, [err] = [err] - [err] d&ndc¢ot
tracki ng vari abl es as [err] = [err] +
[err] : (20)

[err] = [err] + [err] - (21)

[err] = [erbk A doatfol s s‘texlnem&lx p31 Jtﬁ':rgrzl structural d etwork. accind/ng Fidu?é b of Wher e

[err] = diag [err], [err] > case, = di ag err]

Accor di ng t oatcommpany g dlta@msgwdydtlwensdl&baumtsy of e and [err], we onI y need
to study the properties of r. Actually, other fornms of H(s) can be chosen
as well, see [7] for detail. Let [err] be the estinmate of (.), and define
[err] = [err] - [err]. Further, let [err](q), [err](q, [err] and Q)
correspond to the estimates of D(q), C(q, [err]) and (), respectively,
obt ai ned by substituting the true paraneter vector P and P[err] by the

esti mated paraneter vector P and [err] Accordingly, let [err] [err] (q,
[err]) and [ B efergncesrespond to the estimates of [err](q), [err](q,[err])
and [err](q), respectively, obtained by substituting the true paraneter

vector [err] and P[err] %y the estinated paraneter vector [err] and\;err]
i.e., [1] K.S. Fu, R.C. Gonzalez and C.S.G. Lee, Robotics: Control, Sensing, Vision

and Intelligence, McGraw-Hill Iniernational Editions, Industrial Engineering
Series, New York , 1987.

[2] J.J. E. Slotine and W. Li, Applied Nonlinear Control, Prentice Hall, Englewood
Cliffs, 1991.

(3] S.S. Ge, Z.-L. Wang and Z.-J. Chen, “Adaptive static neural network control
of robots,” Proc. of IEEL International Conference on Industrial Technology,

Guangzhou, P.R. China, 5-9. December, 1994.

[4] R.M. Sanner and J.J.E. Slotine, “Stable Adaptive Neural Network Controller,”
U.S. Patent, No. 5,263,834, 7 December, 1993.

[5] R.M. Sanner and J.J.E. Slotine, “Gaussian networks for direct adaptive con-
trol,” Proc. of the 1991 ACC, pp.2153 - 2159, 1991.

[6] C. Descer, and M. Vidyasagar, Feedback Systems: Input-Output Properties,
Academic Press, New York, 1975.

[7] S.S. Ge, J.C. Allwright and C.B. Besant, “A unified adaptive control law design
for rigid body robots via a Hamiltonian property,” Proc. American Control
Conference, June 1992, pp. 3136 - 3140.



[err](a) = [err] .
[err] (q, [err]) = [err] (24) Thsmma

[err](q) = [err] Replaced
Accordingly, the networks for [err](q) and [err](qg) can be
Fig. 5, and

for [err](qg,[err]) is showmm in Fig. 6. %he net wor k |nplenentat|on of

[err](a), [epdibéOcitk@r]) and [err](qg) as a whole is shown in Fig. 7
Consi der the general controller introduced in [7] of the form
5,268,834 12/1993 Sanner and Slotine Stable Adaptive Neural Network Controller

Abstract:

Two new parametric network models for multi-degrees-of-freedom mechanical sys-
tems are presented based on systems’ own functions. The networks are only used to
model the inertia matrix D{q) and the potential energy V(q) {(or the gravitational
forces G(g)), which are functions of position g only. Static networks are therefore
sufficient to model them. The complete dynamics of robots are constructed based
on the networks for D(q) and V{q) (or G(q)). Subsequently, a general adaptive con-
troller based on the resulting prescribed network models is given. It can be shown
that all the closed-loop signals are bounded and tracking error goes to zero. Fur-
ther, with the inventive techniques, adaptive controller design for robots and the
like becomes simply a construction of networks and there is no need for dynamic

modeling.
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[err] = [err](q)[err.] + [err] + [err] + Kr + J[err] [err]

(26) The first four ternms give PID type control, with KLeuJ_J_nLmed_L&

elimnate static tracking errors. Note that PD control is ef ect R lced
i ntroduced through the definition of r in (22). A closed™ ° a
equation can then be obtained as D(q)[err] + C(
Klerr] + Klerr] dr = TJerr] + [err] + [err] (27) Wne
[err] The cl osed-1oop stability propkrty of the system(27) |s gl ven
by the follow ng the orem (detailed proof can be found in the enclosed
report): DRAWINGS
A Comolr
LT T4 ‘T 100 i
— Conuol!.a/ . Plan L
G__ || Sl : .
. | ; q
9! ) Bk :
E Adapuation '¥ i
! Mechanism ' ,/x
1]
i

Figure 1: Model-based adaptive control of robots
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Theorem 4.1 If K> O, Ki

asynptoti- cally stable i.e., e and [err] [err] O as t [err
fol | owi ng par amet er adaptatlon [err] =

[err] where [err] [err] > O [err] = [err] >0

slidi hg node contro

contr ol

= [err] [err] O, the closed-loop system (27) is

can be introduced for
I n the presence of unnodel ed dynam cs such as frictions,

performance as explained in [7].
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13 Based on the above discussion, it can be seen that 1. _Adaptive
controll ers designed based on the proposed network nodel iis _su erlo

to the neural network based controllers because the approxi ged
neural networks is elinmnated since the proposed network nod

known functions instead of pure "1 magi nagy" basis functions

OM ng to the present invention, conplicated dynam c nodeling of mechanica
systens now beconesualjapl y ﬁmaystenatic consiuict i on of Structural Networks
based on systens' o functi gns. Since the ne¢twork nodels are valid for al

ki nds of -robots havimg the same nunber of , the new nodel i ng approach

i s i ndependent of the phy5|<§! structures of the syst ens. 3. The

present ed adaptive control |81 are based on the network nodel s of robots,

and the closed-1oop systemis asynptotidally stable and the paranmeters are

al | bounded even t Ry be over paranetrized. The
controller desig can benused to control other

ki nd of robots havipg —

(org Sq) for Network Model I}

Py
(D) — £ for Network Model [

Figure 5: Network Implementation for a?,-,-(q) and g:(q)
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Figure 6: Network Implementation for &;(q, ¢)
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Further, we have the follomnng remarks to nake: 1. If the sane
control I er (26) is used but based on the Neural Network I (1'BIESheetHasBe laced

it can be shown that the closed-loop systemis stable if (i) t lmﬁmum

algorithmfor [err] is the same as (28), and (ii) the adaptati
[err] = [err] (30) 2. Sim'lar.adaptive

for [err] is, for [err] > 0, given

controllers can be obtained by ap- | ng the same procedures , to cases
when friction nodeling is i S -3 st Rt | ot i“6h net wor k

to enul ate the possible co -|nat|ons of sys rictions. 3. Various
controllers can be obtained by (i) re-definj r, (ii) using different

par anmet er adaptation al gorijfthns, and (iii) g -various control techniques
for the Network Models pregsented here and their nodifications or

vari ati ons.
qo—t : b G L . B@
()

. N
———.——@—— a9 ———— Ca@.

Figure 7: Network Implementation for D(q), C(q,4) and G(q)
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Figure 8: Position tracking with adaptation
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passi ve con-
controller

4. For those ski
trol

or

conbi ned with
can be constructed based on

lled in the art,
| ers,
other te

the n
based on network

exponentially stable controllers

previ ous section,

vari ous adaptive contﬁﬂggg&ehigggﬁ
chni ques such as slidin3
et work nodel s presenved

quels whi ch are presented

differently but use sysﬁens own functions N thm c J;gent i nvention
5. For those skilled iopthe~art—rvarous—conarolrariventarse-pe obt ai ned
based on nodi fi ed network nodel s of reduced S|zes and havi hg
parametrization error el d. 3 Sinul ati on Exanpl e For the simulation
studi es, we consider a |plahp two-1ink mani pul ator, whose dy- hamcs are
descri bed by - q)lerr] + CQ, [err])[er[] + Gq) =
[err]

40

i
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ok
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7
Time sec
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Figure 9: Control with adaptation
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Figure 10: Parameters 1311 and ng with adaptation

THIS SHEET HAS BEEN
REPLACED '




where |
i nt er est.

[err]

where the [err]’
In order to construct the networks,

}

-

() 1 2 ) 3 6 7 8
Time sec
Figure 11: Parameters P, and F,; with adaptation
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Figure 12: Parameters 130 with adaptation
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15 It can be seen“t hat the dynam' cs of this robot is paranetrized by

laced

Plerr] = [nm[err] +nferr],0,2n{err][err]

Plerr] = Plerr] =[nferr], O nferr][err] This Sheet Has Been R
Plerr] = [[nmferr], O][err] - Ple

0, nferr], merr]][err] In the sinmulation results, [err] a

for the kth elenents of the vectors [erf7] and [err] Suppose Initrally th
we do not have any know edge about the system i.e., [err] [err] (O =
[err](0) =0, [err] (Omme«0, [®dd{0) = 0, |etmuswstudy the performance of
t he proposed controllet.

dii(q)

Cor g{q) for Network Model )

\Wéighl

8.4q) for N k Model 1
i

®

Figure 13: Network representation for d;'j(Q) and g;(q)

q @ _ }i;c iﬁgq)f] | S Y qQ

Figure 14: Network representation for ¢;;(g, q)
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When the'adhptation algorithns (28) and (29) are activated Misdied BiBoerT

diag[1.0] and [err] = diag[10.0], the position tracking perf ! Replaced
robat is as shown in Figure 8 and the control inputs are sho Hmu ﬁ
The correspondi ng pa- raneter adaptations are shown in Figur , |

12. It can be seen that the tracking erro8 converges because of the
"l earni ng" nechanism The sinulation re- sults thus denonstrate that :the

proposed adaptive network control effdcthvghy handl e chqg es in the
dynanics of the system Fifgure Ws a|schéanat i[c bTock di agram of a
conventional nodel -based adaptive control system of robots. In general, in
order to use this approachiwith prior art t , It is assuned that

| i near-in-the-paraneter dypam cs are alread wn. Dy- nam c nodel i ng of
robots is, however, very tedious, tine consunmng and error prone. The sane
nodel i ng processes have tolbe repeated again for different robots of very
f ew mechani cal structural d;hanges.n thqugh thenunbers of DOF are the
same. Fig. 2 is a Bfock s¢ ematlagram of R pnior art neural network
based adaptive control system Even though thfs control apprmach does not
require the linear-in-the-{paraneters dynam approxi mation errors
usual ly exist in emulatingi{the nonlinear fuggﬁhns of robots, and ot her
control nethods, such as the sliding node c ol, have to be used to

guarantee robust closed-logp stabilities. _|Injaccordance with the
invention, the conventional adaptcont n‘oI[ I e[mca_m be im

< i-l(q.

ie _ I

Figure 15: Network representation for D(q), C(q,q) and G(g)

C(q. D
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16 bréﬁentednin a vefy intelfigehf may'So t hat .dynam c nodeling are not-

needed “when constructing the controller. A conparison of Fig. 1 and Fi g 2

i ndi cates that.the- correspondlng el enents .are correspondi-ng nunerical - -
desi ghat i ons. For exanpl e, the plant block 100 in .Fig. 1 is |abeled block
200 in Fig. 2. Similarly, the signal blbck 101 in 'Fig. 1 is |abel €d bl.ock
201 in Fig. 2. Different parts of the sane bl ock have the same bl ock Iabel

fol I owed by di Siﬁ&:ﬁﬁ*alh&wkfmmihg&natﬁmpﬁﬁemhl%dﬁ%nﬁalﬁ@% and 303-3 -f

shown in Fig. 3. Fig. 3 is a block schemati.c diagramof an illustrative
control systemconstructed in accordance with the principles of the present
i nventi on bhse¥ield: o€ Teventionodel | . By substituting So into Werr] in

Fig. 3, we obtain a schematic bl ock di agram of of

The present invention relates in its general context to the control of dynamical
systems (e.g. multi-degrees-of-freedom mechanical systems, electromechanical sys-
tems) using structural network models of the plants’ own known functions. The
invention is, in particular, directed to an adaptive control system for the control of

the opera.tion of robotic manipulators.

2 Background of the Invention

Robotic manipulators are multivariable, highly nonlinear, dynamically coupled electro-
mechanical systems. Driven by the desire for high degree of automation, fast speed
operation and good control performance from industry, extensive research work has
been carried out on their controller design. Increasingly sophisticated tools from
nonlinear control theory has heen developed for better tracking performance. Con-
current advances in microprocessor technology have made the implementation of

complicated nonlincar control algoritluns feasible from a practical point of view.

Despite the fact that in many cases a linear controller operates satisfactorily {exten-
sive work has been done concerning the theory and design of such controllers), a key
assumption has to be made that the system operates over a small, closely controlied
range in which the dynamics of the system are linear. However, the operation range
of a robot is large, and its p_a.yload also varies. The linear model obtained at one op-
erating point is not valid when the operating point changes e'xcept for simple cases.
The lmea.r controller perfo: ms poorly because nonlinearities in the system are not
properly compensa.ted I"or exampie the c!ass:cal mdependent joint PID control is |
| _ d&slgned based ona theoretlca.l linear model neglectmg the nonlinear coupling forces |
' assocra.ted wrth the mechamca.l motions of the robot. The controller s performance

. 'degrades qurcldy as the movement speed of t.he robot mcreases. In order ro achievea.

pr&specrﬁed accuracy, the speed of motxon a.nd acoordmgly, the overall P"Odud‘w‘ty L
ER has to be'r%trlcted to a low rano'e-"- : . | ' |




the gontrol systemin accordance with the invention based on the Network
Model 11. The signal block 301 in Fig. 3 is expanded in Fig. 4. The
signal "block is used to provided all the signals needed by different

bl ocks. .For exanple, the tracking variable signal r is fed to the bl ock 302
in Fig. 3, buses 3bl and 3b2 are fed to adaptati on nechani sns bl ocks 304-1
and 304-2, respectively. Fig. 5is an e%ﬁanded bl ock schemati c di agram of
the [err] elenment, [err] of the block 303-1 and the [err] elenent, [err] of
the bl ock 303-2 as shown in Fig. 3, rABS&RACElIy. Fig. 6 is an expanded

bl ock schematic diagramof the [err] elenment, [err] of the block 303-3 as
shown in Fig. 3.Sthikctafnwetwéik modeling sinbaddptivecontrbl ofalynhniicil systemsr] are

vectors of nodes, and [err] [err] [err] [err] are the correspondi ng vectors

O E5L O 1 B RO i o OB b

scope of the sjrstm*emarbmsasted bhseden systeink'e@val funotions. The networks are only used to
model the inertia matrix D(q) and the potential energy V(q) (or the gravitational forces
G{q)}, which are functions of position g only. Static netWorks are therefore sufficient
to model them. The complete dynamics of robots are constructed based on the
networks for D{(q} and V(q) (or G(q)). Subsequently, a general adaptive controller
based on the resulting prescribed network models is given. It can be shown that all the
closed-loop signals are bounded and tracking error goes to zero. Further, with the

inventive techniques, adaptive controller design for robots and the like becomes simply

a construction of networks and there is no need for dynamic modeling.

(Figure 3 is to be published.)
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17 5. erai ms . Al t hough~ onIy a few enbodi nents of the present invention are
di scl osed above, other enbodiments, changes and nodifications will be

i mmedi ately apparent to those skilled in the art. For exanple, the

t echni ques di scussed above can be extended to much nore general classes of
systens such as nulti-degrees-of-freedom platforns, electronmechani cal
systens and systens having structured frictidns. The techni ques di scussed
above can be further extended to dynam cal systens havi ng nodeling
uncertainties by conbining with other control technlques for r obust
stability. For exanple, A -placaﬂ by
t he bl ocks 303 and 304 i
is claimed is: - Qa

Figure 1: Model-based adaptive control of robots
PRIOR ART

s\
Nefwork
qQa
Qa
. q
Qa
X
Figure 2: Neural network adaptive control of robots
PRIOR ART
M
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1. A control systemfor controlling a nonlinear dynan1c pl ant haV|ng a.
pIurallty of outputs so that each of said plurality of plant outputs
approaches a correspondi ng desired plant output, said control system having
means responsive to said plurality of plant outputs and to said plurality
of desired plant outputs for generating a plurality of tracking error

vari abl es, said control systemconprising: 2 neans for generating a set
of tracking variabl es; r . a fi ol |l er which is a structural network
controller having a plurali i abl e adaptati on paraneters and
bei ng responsive to sa : I ng varlables to said
plurality of plant out '
out puts, and neans ’
said plant; an
tracki ng variabl es §
adj usting said varif

troller responsive
means for summ ng S§
outputs to Qa

Figure 3: Network based adaptive control of robots
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generate a control sum and neans for applying said control sumto said

pl ant . 18 2. A control
system according to claim1 wherein said neans for generating a set of
tracki ng variables conprises (i) neans for sunmng said plurality. of
desired plant outputs and said plant outputs to generate said tracking
error variables; (ii) neans for nultiplying each of said plurality of
tracki ng error vari abl es by a predetern1ned fi xed wei ght value to generate

t he wei ghted tracking vagiables; and (iii) neans for further suming each
of said plurality of wei I;Qihy of
desired plant outputs to 3. A
control system according conpri ses
a plurality of structura > 3bl
q >
> T
q4
- q
q —> 3b2
Qo ——> > G
ad > > ar
Figure 4: Extended signal block
REPLACEMENT SHEET
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4. A control systemaccording to claim3 wherein said each of structural
networ ks conprises a plurality of nodes, each of said plurality of nodes
conprising a prede- termined interpolation function, said structural
network further conprising neans for applying said plant outputs to each of

sai d nodes. 5. A control systemaccording to claim3 wherein said _
structural networks further conprise neans f8r generating a set of weighted
i nterpol at ed out puts and neans for generating function estimators. 6. A

control systemaccording to claig 5 wherei nlslﬁi d nmeans for generating a set
of weighted interpolated outpufa &onprises m@ans for nultiplying each of
said plurality of interpol ateg put s by sal \vari abl e adaptation

, i mredi at eds@d
system a ] 5 ﬁg‘?}gi n
astimators furtgL/conprises (i) neans
wei ghted in- t®rpolated oupfputs to ] he

(mators; (ii)® mearByfor Aultiplyi n%ﬁ&‘ijﬁllsai?
q y said plurgifty of plant etwprk el I)

on estimators; and (iii)
Weight

sai d neans for deng
for summ ng said s
i nternedi ate funct
i nternmedi ate funct 2
generate a set of pweighted

> &

Po A
Wo; ® » £i(q) for
Network
Model I
A A

Figure 5: Network implementation for d ;;(¢) and g.(q)

* : A . (9, @
1 @ > Zep@q f——
1

A A
cix(q)

A
Network for cjk(q)

A
Figure 6: Network implementation for cij(q,q)
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means for sunm ng said weighted internediate function estimtors for .
generating final said function estimtors.

19 9. A control systemaccording to claim4 wherein said interpolation
function is a function of said plant's own known functions. 10. A control
system according to claim1 wherein said neans for generating the first
control outputs conprises nmeans for nmultiplytng said function estimtors by
said set of tracking variables to generate parts of said firstacontro

out pouts; said neans for generating [

e firstpreent+eoty out puts Gg) her
conprises neans for sunmm ng said p3 briat e sapd first contgo
outputs. 11. A control syst§m accd g to c| digsqd] wherein said second
controller is a ' l :

Py
A D(q) -
9@ (: ) [di(] >
L_P;_/
R C(q,9
) >
( ) [ewi(a, 9]
L _ t

A T A

Figure 7: Network implementation for D(q), C(g,q) and G(q)
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PID controller responsive to said plurality of tracking error variables for
generating second control outputs. 12. A control system according to claim
1 further conprises neans for summing said first control outputs and said
second control outputs to generate a control sum and neans for applying
said control sumto said plant. 13. A control systemfor controlling a
nonl i near dynamic plant having a plurality of outputs so that each of said
plurality of plant out 4 approaches a correspondi ng desired plant output,
said control systemh neans responsive to said plurality of plant
outputs and to saidfplurality of desired plant outputs for generating
plurality of trackingfvariable

having a plurality of i
to said plurality of
and to said plural@.by
the first control out
mechani sm r esponsi ve
plurality of plant ou
paraneters, the i npROK
means for generatin
having a plurality of

-0.5

-1
-1 .5 | 1 1 L 1 i [
0 1 2 3 4 5 6 7 8
Time sec
. Figure 8: Position tracking with adaptation
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conprising an interpolation function of said plant's own known functions;
20 means responsive to said variabl e adaptation paraneters for
generating a set of wei ghted i nterpolation outputs, and neans for
generating function estimtors; an adaptive nechani sm for updating said
vari abl e adaptation paraneters; and means for generating the first
control outputs for controlling said plant; 7 14. In a control system the
i mpr ovenent accordingh}o claim 13 wherein said nmeans for generating a set

of tracking Vari3EkﬁI—G0ﬂpﬁL$eS_4+;—IE&4ELi4MﬁJR¢L+QL¥LDQTGaGh—QL—San
plurality of tra rror variables by a predeterm ned, fixed weight
val ue to generate weijghted tracking variables; and (ii) neans for further
sumi ng each of 80 | - -
Control 1
60 §
40 |
20 1
Control 2
20 + -
-40 1 '] ] " ] ] 1 - ]
0 1 2 3 4 5 6 7 8
' Time sec
Figure 9: Control with adaptation
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said plurality of weighted tracking variables, each of said plurality of
desired plant outputs and each of said plurality of plant outputs to
generate other said tracking variables. 15. In a control system the

i nprovenent according to claim 13 wherein said struc- tural network-further
conprises neans for applying said plant outputs (states or other auxiliary
vari abl es) to each of said nodes. 16. In a &ontrol system the inprovenent
according to claim llgqherein said neans for generating a set of weighted

i nterpol ati on out pu gﬂprises neans for nulti- plying each of the said
plurality of inte896[ated outpufs by Said variabl e’ adaptati on paramet ¢rs.

17. In a control system the inprovenent according to claim 13 whereifh said
means for generating functigp estimtors conprises neans for summ ng $aid
set of weighted i@tferpol atffd\Qutputs to generate the nost imredi ate siid
function estimatorg. 18. oNtrol system the inproygenent accordifng to
claim 13 wherein sgid neags for géd erating,ﬂh\ption estipthrs furthe
conprises (i) neagg for sgnm ng sakd set g
to generate the int i B
mul ti plyi ng each of
of plant outputs ét

es or othgr augiliary

NN I/awNg /i
" A

2 F A .
. P13

0 1 2 3 4 5 6 7 8

Time Sec

Figure 10: Parameters P, and P » with adaptation
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set of*weighted internediate function estimators; and (iii) means for
suimmi ng sai d ' 21 wei ghted
internedi ate function estimators for generating final said function estima-
tors. 19. In a control system the inprovenent according to claim 13
further conprising a second controller which is a PID type controller
responsive to said plurality of tracking errdr variables for generating
second cont r ol ou&eutg. 20. In a control system the inprovenent according
to claim19 furthd&&8®onprising a third controller having a plurality of
fixed paranetergs pnd befng responsive to said pldrality of trackinglerror
variables, to saifd plurality of plant outpyl}s and tomsgaid plurality {of
desired plant eutputs for i g third*@ht rOI\ gutRuts; gy means

_2 | ])123 P212 P213 |
3t . J
P122

4 | i
51 Pin A

-6 1 L L 1 1 1 1
0 1 2 3 4 5 6 7 8
Time Sec

N A

Figure 11: Parameters P, and P, with adaptation
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for applying said third control outputs to said plant. 21. In a control
syStem the inprovenent according to claim20 wherein said third controller
conprises a sliding controller. 22. In a control system the inprovenent
according to claim19 further conprising nmeans for summ ng said first
control outputs, said second control outputs and said third control outputs
to generate a control sum and neans for appl3ing said control sumto said
plant. 23. A contr temaccording to clains. 1 and 13 wherein said

dynam c plant inclu = ~of - hi ch
can be transferref85ffroman initial configuration to desired final
configurations by af | east one actuator. 24. A control systemeeqQletng to
clainms 23 mhereiqag i d mechani cal systemin- cludesPg robotie”nani pul g} or
having at |east t | i nks connected by novable joints gw said at | easf one
actuator is a joint jactuator adapted to nove said /i from one
mani pul at or confi ation to desired final manipufator configuratio 25.
A control system structed and arranged accorg¥éng to Fi guee of thej ac-
conpanyi ng drawi ngs| and its nodifications.
20 + A k
) %
15t 4
10F’ A A -
Po4
ety
S5t R 3
- Avl_/ P02
0 1 - | 4 (1 | N [ 1

0 1 2 3 4 5 6 7 8
Time Sec

Figure 12: Parameters P, with adaptation
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26. A control systemincorporating a structural network according Figure 5
of the acconpanying drawi ngs, and its nodifications.

22 27. A control systemincorporating a structural network according
Figure 6 of the acconpanying draw ngs, and its nodifications.
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Figure 13: Network implementation for djj(q) and g;(q)

(Sip

. , ] cxi(q; Q)
q @ > Zepdd)lq e
1

A
cijk(q)

Network for ¢ (q)

Figure 14: Network implementation for cij(q,é )

REPLACEMENT SHEET ||
1

17 APR 199

Date e |

ThsssveraatiantrRuar R TRaTn ig
i




[1] ‘1K' S. Fu, R C. Gonzalez and C.S.G Lee, Robotics: Control, Sensing,

Vi sion and Intelligence; McGawHi Il International Editions, Industrial -
Engi neeri ng Series, New York , 1987. [2] J.J. E. Slotine and W Li, -
Applied Nonlinear Control, Prentice Hall, Engl ewood Ciffs, 1991. [ 3]

S.S. G, Z -L. Wang and Z.-J. Chen, "Adaptive static neural network control
of robots,"” Proc. of |EEE International Corference on Industrial

Technol ogy, GQuangzhou. P.R China., 5-9. Decenber, 1994. [4] RM
Sanner and J.J.E,. Slotine, "Stable_ AdaptivepNetret—fet work @@gyoller,"

U S. Patent, No. 5,268,834, 7 Dec [é,l([ﬁj R.M__Sanner_agd J.J. E
N .
De

Sl otine, "Gaussian networksjfor di con: trol," Proc. of
the 1991 ACC, pp.2153 - 2159, [6] C. per, and M Vi dyasagar,
Feedback Systens: |nput-Qutput Properties, Academ ¢ Press, New York,

1975. [7] S.S. Ge, J.C. Alfwight and C. B. Aunified adapti ve

cont+ol | aw design
| : D(q)
q 0——*@—» [d5(q)] -

C(q, 9

[ij (q’ C.l)]

e I

. Figure 15: Network implementation for D(¢q), C(q,c}) and G(q)

REPLACEMENT SH EEf

..............................




for rigid body robots via a Ham |tonian property,” Proc. Anerican Control
Conference, June 1992, pp. 3136 - 3140.

5

robots. It can be shown that the closed-loop system is asymptotically stable and the
parameters are all bounded even though the system may be over parametrized. Var-
ious controllers can be designed based on the inventive modeling approach presented

here using various control techniques.

Brief Description of the Drawing
The following detained description of the invention will be more readily understood

when considered in conjunction with the accompanying drawings, in which:

Fig. 1 i1s a block schematic diagram of a prior art model-based adaptive control

system.

Fig. 2 is a block schematic diagram of a prior art neural network based adaptive

control system.

Fig. 3 is a block schematic diagram of an illustrative control system constructed in

accordance with the principles of the present invention.

Fig. 4 is an expended block schematic diagram of the signal processing block 301

as shown in Fig. 3.

Fig. 5 is an expended block schematic diagram of the ith element, §;, of the block
303-1 and the ijth element, 3;,-, of the block 303-2 as shown in Fig. 3, respectively.

Fig. 6 is an expended block schematic diagrarﬁ of the :5th element, &;, of the block
303-3 as shown in Fig. 3.

Fig. 7 is an network block diagram representation for D(g), C(g,¢) and G(q).
Fig. 8 is a graph showing position tracking versus time of a first simulation.

Fig. 9 is a graph showing control signals provided to the robot versus time of a first

simulation.

Fig. 10, 11 and 12 are graphs showing adapted parameters of the networks versus

time of a first simulation.
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