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A Neuro-Adaptive Variable Structure Control for Partially Unknown Nonlinear
Dynamic Systems and Its Application

Chih-Lyang Hwang and Cheng-Ye Hsieh

Abstract—f the unknown nonlinear dynamic system is not in Due to the advantages of variable structure control (e.g., fast
a controllable canonical form or of relative degree one, then the response, invariance properties [3], [7], [13], [14]), a neural-net-
derivative of the tracking error is unknown. The controller design o rk-pased variable structure control is constructed to improve
for these systems will be complex. In this paper, an estimator for .
the unknown tracking error with order equivalent to relative de- Fhe system performance. Thenthe Stabl!lty ofthe overgll system,
gree, is first designed, to obtain a sliding surface and to reduce including the controlled system, the estimator of tracking error,
the number of unknown nonlinear functions required to learn. In  and the neural-network-based variable structure control, is ver-
this situation, the total number of connection weight in neural-net-  ified by Lyapunov theory. Finally, the simulations and exper-
works decreases. Furthermore, two learning laws with e-modifica- iments for velocity control of the four-bar-linkage system are

tion are employed to ensure the boundedness of estimated connec- ted t firm th ful fth d troll
tion weights without the requirement of persistent excitation (PE) presented to coniirm the usetuiness of the proposed controlier.

condition. The system performance can be better than that of other AS compared with the previous studies (e.g., [4] and [5]), the
control schemes required many learning functions. In addition, sta- proposed control is simple and effective. It is believed that the

bility of the overall system is verified by Lyapunov theory so that proposed control can be applied to many control systems.
ultimate bounded tracking is accomplished. Simulation and exper-

imental results of four-bar-linkage system are presented to confirm
the usefulness of the proposed control.

Index Terms—Four-bar-linkage system, Lyapunov stability, Consider the following class of partially unknown nonlinear
neuro-adaptive control, state estimator, variable structure control. dynamic systems:

#(t) = A(z) + B(z)u(t),  y(t) = Clx) 1)

o _ _ wherez(t) € " denotes the system state which is available;
T IS well known that learning is a first step toward the 'nt8|g'/(t) andu(t) € R represent the system output and input; the
ligent control. Learning has the capability of reducing th@ectorsA(x), B(x) and the scalaC’(z) are unknown map-
uncertainties affecting the performance of a dynamic SySteﬁThgs:éR" — %" andR" — R, respectively. The system (1) is
through system identification, thereby enhancing the knowledggs,;med reachable aroungland observable at, € X . How-
about the system so that it can be controlled more effectivelyey it is not necessary to assume a controllable canonical form

One of the important intelligent control structures is identifiz g 3 relative degree one [11]. The system (1), with the relative
cation-based neural-network control. Considerable research B@@reem is defined as follows:

been devoted to identification-based neural-network control or ‘

modeling structures [1]-[10]. Each study has its own advantages/” (t) = L, C(x), 0<i<m-—1, LYC(z) = C(x)

and disadvantages. (2a)
The current paper deals with a class of unknown affine non; (my .y _ ym e Lalm™ 0 ;

linear dynamic systems that are not necessary in controllable ®) A (xr)n: Bra (@)u(?)

canonical form or that have relative degree larger than one [11]. LpLiy™ C(x) #0 (2b)

First, an estimator for the unknown tracking error with ordehere 27 () and Lz L7~ C(x) denote the Lie derivatives
equivalent to relative degree, is designed to attain a sliding Sgfthe scala(x) in the direction of the vector fieldd(x) and

face and to reduce the number of unknown nonlinear functiops .\ with relative degreen [15], [16]. Define the following
required to learn. Therefore, the total number of connecticmlcking error signals:

weights in the neural-networks decreases as compared with the

Il. PROBLEM FORMULATION

. INTRODUCTION

other learning schemes (e.g., [4] and [5]). Furthermore, two er(t) =y(t) —r(t)

learning laws with e-modification are considered to guarantee ea(t) =9(t) — (), ...

the boundedness of the connection weights, without the re- em(t) =y ™=V (t) — rm=D(¢) 3)

quirement of PE condition. A suitable selection of learning and

e-modification rates can result in a better transient responskerer(t), #(t), ..., andr(™=1)(¢) represent the known and

and effective learning of unknown functions [10]. bounded reference input up to — 1 derivatives. Because the

signals(t), ..., y™~Y(t) are unknown, the tracking error
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Fig. 1. Control block diagram.
where control for a class of unknown nonlinear dynamic systems (1)
0 1 0 to track a time-varying trajectory (see Fig. 1).
A= |- - nE B= 0 [ll. CONTROLLER DESIGN
0 ... 0 1 There are three sections discussing the controller design. To
E®) =[ei(t) ex(t) -+ en®)]T. (4b) estimate the unknown signdl(t), a state estimator driving

_ . by the first component of(t) [i.e., &1(t) = ei(t) — é1(¢)
It is asjl_J{“Gd that the unknown scalar signal3C'(z) which is available] is designed. The second section examines
and LpL’y” C(x) can be smoothly truncated outside ofhe hounded tracking result theoretically. The main theorem of

z(t) € Q(z) (a compact subset ilR"). Hence, their spatial neuro-adaptive variable structure control is reported in the final
Fourier transformations are absolutely integrable. Based on $&tion.

universal approximation theory (e.g., [2], [3], [9]), they are
approximated by the following radial basis function neural-neg. Estimator for Unknown Signal

work (RBFN): The following state estimator is designed to estimate the

L30(x) =W, ©1(z) + (), signal E(t):
m— L = o — A — .
LpLyy 1 C(z) =W, 05(z) + &2(x) (52) £(t) = AB(H)+DC | B(t)- E(1)]
here G . .
v B i +B { W (H0u()] + [ W] (10s(x)| u(t) —r (1)}
W, =[®Wo W --- Win;] 7)
Wl < Wi, 5b .
[will < - (56) where E(t) = [é(t) é(t) - én(t)]" denotes
Oi(z) =[1 bi(z) - On(z)] (5¢)  the estimate ofE(#), D = [d dy - dn]",C =
b;(x) = exp[—|lz(t) — ¢ /o7] [1 0 --- 0] and W;(¢) represents the learning/; for
1=1,2,..., Ny or N, (5d) ¢ = 1,2. _Subtracting (4a) and (4b) from (7), and using
i) <6, i=1,2 (se) ()-(be) gves
The information aboute, c;, oy, N;, Wy for i = E(t) =DE®)+B
1,2,..., N;, j =1, 2is known. Furthermore . {Wl’f(t)@l(x)Jrgl(x)Jr [WQT(t)QQ(x)JFgQ(x)} u(t)}
W3 0y(z) > Ly >e>0 (6) (8a)
whereL,; is known. In factg is regarded as the summation ofwvhere
the class membership error, the aliasing error and the truncation —dy 1
error [3]. The centers; fori=1,2, ..., N; andj =1, 2 are ) . ) X
chosen as a normal distribution in the dom&ifx). The larger D= | - - , E(t)=E(t) — E(t),
the value of variance? fori =1, 2, ..., N; andj = 1, 2, is 1
selected, the smoothés(r) is around the corresponding center _—d2 . 0
¢;. The problem is to develop a neuro-adaptive variable structuréV;(t) = W, — W;(¢), i=1,2. (8b)
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One can select the gains of the state estimafprfor where

t+ = 1,2,...,m such thatD is Hurwitz. Given a posi- m -7 o
tive definite sy}Twmetric matrix” (denoted as > 0), tr?ere Ueq (1) = {T( (#) - HAE() - Wf(t)@l(a:)} [Lea(?)
exists a unique matri& > 0 such that the following Lyapunov A A (14b)
matrix equation (9) is satisfied: Loy(t) = {WQT(t)GQ(a:), if WQT(_t)GQ(a:) > Loy (14c)
DTG4 GD = —F © LQll ) otrlerW|se
' Usw(t) = — [£16(8) + &6 (8)/[6(H)|] /(L2 — ) (14d)

Remark 1:If the estimator (7) is not employed to obtainwhere¢;, & > 0. The following lemma examines the upper
the unknown tracking erraE(t), some extra neural networksbound of the proposed control.
should be used to approximate the sig@&t) (e.g., [5] and Lemma 2: Becausdr(™)(t)| < r,Vt, the proposed con-
[6]). Under these circumstances, the number of estimated camiler is then bounded by (15a)—(15d)
nection weights increases extremely. Then the convergent rate ~ -
of the closed-loop signal becomes sluggish and the instability of [tteg ()] < ko + Ealer(£)] + kQHV}/l Ol + Al E@)I (152)
closed-loop system probably occurs [2]-[11]uif= 1, the es- [usw(t)] <k + kslo ()] + kel E(D)|| (15b)
timator (7) is not needed. Hence, the stability of the closed-loggere

system becomes simple to analyze.
bo= (r+ Wi VML) [Lat, by = [HAR"| /L

B. Ultimately Bounded Tracking ks = /N /Lo oy = Hm” JLon (150)
A sliding surface is defined as follows: ko = &2 /(Loy — ) ks = &1/ (Lot — €)
o(t) = HE(t) (10) ke =& || H| /(Lo —e). (15d)
whereH = [hp_1 -~ hi 1].OrE(t) = Fpa(t), where Proof: Substituting (12), (8a), (8b), (5a)—(5e) into (14b)

and (14d), and using the triangle inequality (elgin ()] <
W[l + Wil < Wi + W@ IE@I < 1E@] +
IE@N < [H]||lo(®)] + £ and|o (8)] < o ()] +[o(t)] <

H' =H(HH' ). The coefficients; fori = 1, 2,
1 are chosen such thatt) = 0 is Hurwitz. Rearrange (10) as

follows: lo()| + [|H||||E()]]), give the results.

E(t) — HE(t) + Bo(?) (11a) Theorem 1:Consider the nonlinear o!ypamic system (1)

and the controller (12)—(14), and (7) witi¥2(to) > L.
where The domain{(z) is chosen large enough for the learning

0 . of L}C(x) and LpL’y™ 1C( ). The overall system
, Z(t) = [o(t) W{@) Wi@) ET(M]" e 2(2)
H= K C R, n, =N +Na+m+3andZ(ty) € B.(Z) C ¥ (Z).
1 The following inequalities are satisfied:
Ry - —hy

— & >k + A, & >e(l+k
Bt =) o) - cn®l @) Lo Pk
The following lemma discusses the stability of (11a) and Amin(F) > [51 HHHQ + 2e(ks + k6)||G||} +A (16a)
(11b) whens(t) # 0 and|o(¢)] is small.
Lemma 1 [11]: If the dynamics of the sliding sur- Such that
face (11a) and (11b) satisfies the following |nequal|tyq( t) = (& —ek1—\)
lo(t)] < «afort > to, then||E(t)]| < Kia/K,, where e _ G2 — (11— N2
|| exp[ (t _ tO)]H < K, exp[ Kg(t _ tO)]a Vi > t9 > 0. [(77; )(772 )¢44 (771 )¢34 (772 )¢24] )
(032034 42(n2 — A)pradradaa— (n — A)(m2— M),

C. Neuro-Adaptive Variable Structure Control — (2= A)pusgpTs] > 0 (16b)
First, the estimated sliding surface is defined as follows: where
5(t) = HE(t). (12) ¢ =& — ek — [e(1+ ko) — &]/[o(t)]

P12 = —eka /2, $13=0
Two update laws for connection weights are designed as fol- _
lows: pra =— {|[HA|| + 2& ||H|| + ek2 + 2e(ko + k5)|| G|}/ 2

: R R P22 =11, P23 =0
Wi(t) =o(B)F101(x) —mIWi(t) (13a) oy = — {HHH VN +21|G|

WQ(t) =6 (t)ueq(H)1'202(x) — 772F2W2(t) (13b) [\/]7+ ko \/F(k Lk )} }/2

wherel’; = diag{~vi;}, vii > 0,7 > A > 0fori = 1, 2 and o
ueq(t) is described in (14b). Let bss =1, ds1=—ko|[H| VN2 /2

U(E) = teq (£) + s (£) (14a)  Paa = Amin(F) — [51 12| + 2e(ks + ke)IIGII] . (160)
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Fig. 2. Experimental setup.

Then {5(t), Wi(t), Wa(t), E(t), u(t)} are bounded and the IV. SIMULATIONS AND EXPERIMENTS OFFOUR-BAR-LINKAGE
system performance satisfies SYSTEMS

t“JEo 2 e={Z2 (@~ ADZ, -V <0} (A7) A. Experimental Setup

where® (o) is a 4x 4 symmetric matrix with the entriesin (16c) The four-bar-linkage system hardware mainly consists of
five parts: a direct-drive motor, a driver, a four-bar-linkage,
an AD/DA card and a personal computer (see Fig. 2).
The specifications of direct-drive motor are briefly intro-
duced as follows: rate speed 12.56 rad/s, maximum output
U(Z,)=[0 mWim mWon @i(Z)]F (19) torque 7.653 kgm, power consumption 1.6 KVA, stiffness
9.8 x 1077 rad/kgm and inertiaJ,, = 2.7 x 10~2 kgm.
The four-bar-linkage system has the following specifi-

2,0 = [lot) || |m0| |Be|] a8

01(Zn) =& [ ]| +22| G-+ ko+he)+| T /N2 ||

cations:ly = 031 m,l; = 01m, I3 = 035m,ly =

. . 025m, my = 1.55kg, ms = 4.3kg, ms = 3.55kg,

' [’f1|"(t)| + k2 HWl(t)H + ks HE(t)m I, = 58125 x 10~*kgm, I; = 1.3125 x 10~3 kgm and
- I, = 1.3313 x 10~ kgm. Because the first linkage is fixed, the
+2||GllV N HWQ(t)H information ofm; andl; is not required. The torque constant

. . K; = 1.05 kgm/amp is achieved from the maximum torque
: [(’fl +ks)|o ()] +k2 le(t)HJr(szrke) HE(t)m - and the maximum current. The voltage conversion factor for

(20) velocity and current are 0.55 rad/s/voltage antb3 x 102
amp/voltage, respectively. After sampling by a 12-bit A/D
card (e.g., PCL-1800), the resolution of velocity and current is
2.686 x 102 rad/s and5.63 x 10~° amp, respectively. The
control cycle time for the proposed algorithm is 0.01 s.

Furthermore, the tracking performance bound|B(t)|| <
Kia/ Ky, if the signal|o(¢)] in © satisfies|o(t)] < c.
Proof: See Appendix A.

Remark 2: The condition (16a)—(16c) implies that the gain of
the switching control (i.e&;, £&;) must be selected large enoug
to deal with the uncertainties (i.e.), connected with the equiv-
alent control (i.e. ko, k1). It also implies that the minimum
eigenvalue of estimator [i.el.in(#')] must be chosen large
enough to cope with the uncertainties (i.and the switching
gain (i.e.,£1). However, too large eigenvalues of the estimat
probably result in poor transient response.

Remark 3: If the control input is not smooth enough, the
modification foru,,(t) can be

%. System Analysis

The threshold voltage of direct-drive motor with four-bar-
linkage is about 1.1%oltage As compared with only direct-
0drnve motor inertia, the system with linkage load needs more

ower and its static friction torque also increases. Moreover,
the sinusoidal response with the four-bar-linkage load in Fig. 3
reveals that the proposed system contains complex and time-
varying nonlinearities. The responses for different PID control
gains are not good; those are omitted due to the space limits.

Usw(t) = —{&6() + &0(8)/ 16| + ul} /(Lar —€) (21)  Thatis, the only use of PID control cannot achieve an excellent
tracking result. This is one of the important motivations for the
wherey is a small positive constant. present study.
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C. Simulations

The dynamics of the four-bar-linkage driven by a direct-drive 6
motor in a horizontal plane through a rigid coupling are de
scribed by the following equations:

L (£) + R (£) + Ky (£) §2
= Eao(t) (22a) ol

M. (82)05(t) + (B + Bi)02(t) + Cy(62)03(t) + Tun(Ea, 62) 5,1
= Tn(t) = Keim(?) (22b)

'
.
T

'

(=]
T

1

02(t) = 0, (1), O2(t) = 6,,(2), 6a(t) =6,,(t) (220)

where the symbolsM.(62), (B, + Bi), Ci(62), and 0 ! 2 s 4 Timg(sec) ° ! ’
T..(E,, 62) denote effective inertia, linear damping of motor @

and load, centrifugal and Coriolis, and unmodeled dynamics

included friction, disturbance and external torque, respective  '° ' ' ' ' ' ' ' ' '
The symbols.,,,, R, Ki, im(t), 0 (t), andZ;,(t) represent
motor inductance, resistance, back-emf constant, curre
angular position, and torque, respectively (see Appendix B fi
details). Unmodeled dynamics is assumed as the followirg 5
friction torque [9], [17]:

Tun(Ea7 92) = Tslip(éQ)d)(éQ) + Tstick(Ea)[l - ¢(92)] (23)

] 10

10

Output (rad/sec,
o

where¢(2) = 1 as|f(t)| > es, and¢(fy) = 0, otherwise. ~ s
The sticking torque is modeled as follows:
T, KiE,()/Rpm, > TF >0 -10
Tstick(Ea) = KtEa(t)/ana T < Kt ( )/an S T+
T, KiEo(t)/ R < T <0. 1z s 4 5 6 7 8 8 10
(2 ) Time(sec)
The slipping torque is modeled as follows: (b)
—+6T+{1—exp[ |6 ()/9’;”} 15—
‘ +c ba(t),  Oa(t) > N W S B
slip 02) = 25 ' ) g S N e HE
%) =0 - s el |92( iy 4RI
+C 6s(t),  6a(t) < oL : ]
Rewrite the four-bar-linkage system (22a)—(220) as the form : ;
(1) with the following definitions: g0 .
[21() @) za(D)] = [62() 62(t) im(D)], g sl ]
u(t) = Fa(t) ° ] ; ; ;
and AR ARV IRV ARV IRV EERY B B
y(t) = z2(t). 26) ; ; ;
The system (22a)—(22c) has relative degree 2. From t X ‘ . . ' 1 . . .
measurement);, = 1.05 V/rad/s,R,, = 1.0 Q. After a 20 1 2 3 4 5 6 7 8 9 10
model check in Fig. 3, the following system parameters a.. Time(sec)
set. Those are; = 0.83 rad/sTj(T;) = 0.25(—0.25) kgm, ©
ST*(8T-) = 0.1(—0.1)kgm, 65(6;) = 0.4 radls, Fig.3. Comparisonofthe open-loop sinusoidal responses between real system
Ct = C— = 0.0042 kgms/rad, B,,, + B; = 0.0042 (...) and mathematical model (—) for inpu(t) = u., sin(2x ft) (voltage).

kgms/rad, and.,, = 8.6 x 10~2 H. The difference between the® "= =% f =02.(0)un =6, f =0.5. (C)un =8, f = 0.8.

real system and mathematical model is that a rigid coupling is

supposed in mathematical model. Therefore, an order reductton learn the unknown nonlinear functions? C(x) and

of (22a)—(22c) can be obtained. LrLC(z). Due to this, the control cycle time of [5] is 43.5
Mistry et al. paper [5] discussed neural-network control for ans or 83.3 ms that is four (or eight) times greater than that

similar system with two neural networks, i.e., one for identifief the proposed control (i.e., 10 ms). The reference input is

cation and the other for control. Its total number of connectiassigned as(t) = r,,sin(2x ft) rad/s. A compact subset

weights is 6050. The current paper use€s = N, = 126 is defined asi(z) = {z(¢)||z1(¥)] < 51.3rad |z2(¢)| <
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20.52 rad/s |z3(¢)| < 2.5 amp}. After normalization of the  1° ; ; : ' T ' ' '
state, the center ofth kernel isc; = [¢j1  ¢j2  ¢;3], where
¢; €[—1 —0.5 0 0.5 1], and the width ofith kernel is
o; = 0.75. The control parameters are setas= 13, £&; = 0.5,
po= 02,v11 = 72 = 008,719 = nn = 10_5,
Loy = 110, = 0.1, d; = 150, ds = 5000, andh; = 50.
The initial values of state, estimated state and connecti
weight are set to be zero excepio(0) = Lo;. The simulation
results of the fourth process time are presented in Fig. 4. T
controller can make the system output track the referen
input in a satisfactory manner [see Fig. 4(a)]. The maximui
tracking error occurs in the neighborhood of zero velocit
because of the phenomenon of friction torque and backla
of coupling. The control input of Fig. 4(b) is smooth enough
The sliding surface and its corresponding estimated slidiry
surface are shown in Fig. 4(c). It indicates that the estimate
E(t) is good enough for the controller design. The real non
linear functionsL} C(z), L L 4C(z) and their corresponding
learning neural-network$VZ (+)0, (z), W (+)©2(x) match
each other, but not discussed here. Although the total numh g
of connection weight is 252, they are satisfactory for th¢Z
controller design. Based on the result of Fig. 4, the controlle 2
has the ability of reducing the uncertainties affecting the syste
performance.

ectoryAand Output (rad/sec)

a|

[

sired Tl

Q
8

Control Inpuf

D. Experiments

The initial values of state, estimated state and connectic
weight are the same as in the simulation case. The control
rameters are set @S': 6,6 =03, 0= 0.2, y91 = Y22 = -8 L L L L s L L L .
0.08, 71 =np = 1073, Ly; = 110, e = 0.1, dy = 120, dp = Time(sec)

3200, andh; = 40 which are a little smaller than those in sim- ()

ulation. Similarly, after an effective learning the typical experi-
ment results are shown in Fig. 5. As compared with Figs. 4 at
5 and the previous study (e.g., [5]), the following conclusiong ,|: 2 ;

are drawn: 1) The maximum tracking error for experiment casg | i : ] 2R S
(i.e., 10.561% or 1.056 rad/s) is larger than that of simulatioS yolf| & : | iy 5 PRV B AP X f
case (i.e., 6.824% or 0.682 rad/s) because the dynamics of r § A i A AR A
system is more complex than that of the mathematical modi3 oH
In [5], for a constant desired angular speed (e.g., 3.14 rad/s) 1£
maximum steady-state error is 28% (i.e., 0.879 rad/s) for co @-
trol cycle time 83.3 ms and 20% (i.e., 0.628 rad/s) for contrc%
cycle 43.5 ms. 2) The responses of control input, sliding surfar.,,% )
in experiment are similar with those of simulation. Again, thes=
are omitted due to space considerations. )

For verifying the usefulness of the proposed controller, th
tracking for the trajectories with different frequencies is show
in Fig. 6. The maximum tracking error for lower frequency (i.e.,
0.2 Hz) is 15.595% (i.e., 1.56 rad/s) that is larger than the re- ©
sult of 0.5 Hz case [see Fig. 5(a)]. The reason is that the frfdg: 4. Simulation results. (a)?) (...) andy(t) (—). (b) u(?) (¢) o(?) (...)
tion phenomenon dominates at lower frequency [9], [17]. Simfrd7(®) -

(2) ' 17.504% (1. 1754 racls) tha g than that o1 0.611e1uding the coupling dynamics in (222)~(22c) wil urher
Hz case [see Fig. 5(a)]. The reason is that the phase error Lgéprove.performancg. Another approach is to develop an inte-
tween system output and desired trajectory increases as the W@—l design as done in [18].

guency of trajectory augments. The same result occurs in [5];
i.e., the steady-state errors for the desired angular speeds 1.57,
3.14, 6.28, and 15.7 rad/s cases are 178%, 25.5%, 23.9%, anthe class of proposed nonlinear unknown system studied is
66.2% (or 2.8, 1.6, 3.0, and 10.4 rad/s), respectively. not necessarily in a controllable canonical form or of relative de-

1 2 3 4 5 6 7 8 9 10
Time(sec)

V. CONCLUSION
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- -
o [}
-
[

(%)
T

Desired Trajectory and Output (rad/sec)
Desired Trajectory and Output (rad/sec)

0 1 2 3 4 6 7 8 9 10 0 1 2 4 6 7 8 9 10
Time(sec) Time(sec)
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Fig. 5. Experimental results. (ajt) (...) andy(¢)(—). (b) u(t). Fig. 6. The output responses of the proposed control for different frequencies.

@r(t) (...)andy(t) (—) for f = 0.2.(b)r(¢) (...) andy(¢t) (—) for f = 0.8.

gree one. An estimator for the tracking error is designed to obtain

a sliding surface and to decrease the number of unknown ndvhere M = diag[1/2 I'T'/2 T'3'/2 G] €
linear functions required to learn. The total number of conne®”=""+, V(Z) > 0 asZ # 0. Taking the time deriva-
tion weights in the neural-network then reduces. In addition, tvitye of (A1) gives

learning laws with e-modification are employed to learn two Lie

derivative functions with relative degree. Explicit expression . 2 .

forthe control parameters are also reported. Using aninformation V=05- Z WIT:W;

ofnominal system or aniterative learning of the controlled system i=1

can improve system performance. Stability of the overall system T .. .

including the dynamics of the state estimator, the learning law +E GE+E'GE. (A2)

for connection weights and trajectory tracking, is proved using

Lyapunov stability theory. Simulations and experiments with @ubstituting (1), (4a), (5a), (8a), (8b), (10), and (13a) and (13b)
four-bar-linkage system confirm the usefulness of the proposggo (A2) gives

controller. The proposed control scheme can also be applied to

other systems belonging to the same class of nonlinear systems. — . -
V=H (E + E)

APPENDIX A o T

THE PROOF OFTHEOREM 1 : {H [AE+B |:W1 O1+&1+ (WQ @2+€2) u—T(m)H }

Define the following Lyapunov function: —oWTe, + 771W1TW1 _ c}uquQT@Q " nQWQTWQ
2
V(Z) = <02 +> WiTFi_lWi> / 2 +EY(DYG + GD)E +2ETGB
=1
TR = 77 AWEO, +7 + (WO, 425 ) ul. (A3)
+E GE=2"MZ (A1) 191te 2 Y2+ &2
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Substituting (12), (14a), (14b), and (9) into (A3) yields

%

T 2 L2
~ Glo|+ & |[H]| | ]| - om ||
i=1

V= (6+FE) 2 i 2 i

L . + Zninnl || — )\min(F) HEH + 2 HEH ||G||
-{HAE—l—HB po]

: [Wfp@l +& + (WQT@2 +E+ WSO, - Leq) Ueq {HWIH VAN e+ (HWZH \/EJFE)

+ (WZGQ +€2) Usw} } - C}WlT@l - &UquQTGQ ' [(ko + k4) + (kl + k5)|0| + ko HWIH + ks HE‘H } ’

2 (AB)
+ > mWIW; — ETFE +2EYGB

i=1 Then
e +a + (Wi e +8 ) ul. (A4) V<-zr0Z, + 25 (A7)

where® and¥ are described in (16a)—(20). It is assumed that
Continuous simplification of (A4) by using (8b) and (14d) ang- < —\ZTZ,, where\ > 0. For the positive definite ob —

the factH B = 1 gives M, its prmupal minor must be greater than zero, i.e.,
V =HE {HE T [Wf”@l +E 4+ (W2T®2 + 52) Ueg if
& P11 —A>0
+ (W2 0 - Leq) ugq} } then
+6 {HE + 81+ ot + (WFO2 = Ly ) g ; lo1> [+ ko) = &l/(&1 b =4) (A5)
i
—=T _ d)ll - A ¢12
W,0 . Y >0
—72 2_+62 (510+520/|0|)} P12 P22 — A
2z then
2
+ W (W - W) - ETFE +267GB o] > {61+ o) = &al/lm = M)}/
im1 {&—eky = A—e"ky /[4(m — A} (A9)
A WTe; +& + (Wle, +z if
[;} - ( s 51)“} $d11— A P12 0
=0 {HAE + €1 +82Ueq + (W2T@2 — Leq) ueq} P12 Paz — A 0 >0
. - 0 0 P33 — A
+HE (Wl + Wi Ozu., } then
= (WZ 0 +2) (515—2 +&16]) [ (La — ) (#33 = M($11 = N (d22 = A) = ¢12] >0 (A10)
and if
- ZmWTW + ZmWTW |® — M| >0
=1 ) then
- ETFE +2B7GB [WEey + 5+ (WO +2)u. (o] > e(1+ ko) — &/4. (AL1)

(A5)
From (A8)—(A11) and the condition (16a)—(16c), the result to
- . g accomplish® > Al is|o| > 0. Together with the condition
BecauselV,(ty) > Lo and an effective learningVy ©, — (162)-(16¢)V + AZTZ, < —ZT[(® — AD)Z, — 0] < 0

L.y = 0ast > 1 > 0. Taking the norm of (A5) and usmg theIs achieved. Then {o, Wl, W, E} are bounded and

relation—|5| < —fo| +[o] < —|of + IHIE, (W50, + limi—os Z(t) € Q@ = {Z € Y|(® — A\)Z, — ¥ = 0}.
€2)/(La — €) < 1yields Then {6, Wy, Wy, E, v} are bounded and ther{a:} is
bounded. Finally, if the conditiofy| < « is satisfied, based on
V <|o| {HHH HEH et Lemma 1||E|| < Kia/K>.
: (ko + ki|o| + ko HWlH + k3 HEH)} +||H]| HEH APPENDIX B

5 5 THE PARAMETER VALUES OF FOUR-BAR-LINKAGE SYSTEM
A v [ v
(ko + ol + b [P + o | B]])}
o2 o . Mﬁ(eg) =Jn+G1+ 7’%G2 + 71 COS(92 - 93)G3 + 7‘%G4
—ao®+ & [H B +2001 |H] | ] B1)
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Cy(b2) =r1q1 G2 [2]
+ [q1 cos(by — 03) — r1(1 — r1)sin(f — 03)]G3/2

+ 7202Gy (B2 Bl

G1 =mazs + I + msl3, Gy = mal2/4 + Is, [4]
Gs =malals,  Ga=mal?/4+ I, (B3)

q1 = [~1473 + la cos(fy — 04) + Isr] cos(B3 — 6,)]/ 5]
[l4sin(fy — 63)] (B4)

@ =[~la72 — Iy cos(8; — ) + Lur cos(B — 03)]/ R
[lysin(fs — 6,)] (BS)

, , (7]

ry =lasin(fy — 64)/[l3sin(6s — 03)],
ro =lysin(fy — 63)/[lasin(fs — 63)] (B6) (8]

0; =2tan! |:— (bz +vb; — 4CLZ‘CZ‘>/(2CLZ‘):| s

ai =[1 4 (=1 k] cos(8o) + kis — ki,  i=3,4 O
(B7) (101

bi =-2 sin(92)

¢i =—[1+ (=1)"kiz] cos(2) + kiz + kis, t=3,4 [11]

(B8)
ki =l /1, kio = UL/, [12]
kiz =[If = B3+ (1) (3 +1D)/(20L), =34 [13]
(B9)
[14]
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