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Abstract

To achieve robust control of uncertain systems, conventional design of variable structure control
systems (VSS) usually obtaing high gain controllers, which may switch the control structures frequently and
stimulates undesirable high frequency modes of the system easily. By introducing a variable-gain structure
into the V33 as a transition between the conventional control structures, a variable-structure-variable-gain
(VSVG) controller is developed for the motion contrel of robot manipulators. In the variable-gain structure,
the control gains are tuned on-line to drive the system toward the tarpet states before crossing the sliding
surface and therefore the events of structure switching are reduced. The VSVG controller and its tuning
methed have been derived. Verification of the method by experiments of a robot control system is presented.
The results show that the VS5WG control can effectively alleviate the chattering phenomenon and achieve
precise position control under severe load disturbance.
Keywords: variable structure contrel, chattering alleviation, robot,
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1. INTRODUCTION

With the consideration of modeling error, load disturbance, and measurement noise, rabot control is
undoubtedly a problem of uncertain system. To control such an uncertain system, the method of variable
structure or sliding mode control was frequently employed [1][2-6]. A well-designed variable structure
control system (VSS) has been proved to have advantages such as reduction of system order, decoupled
design procedure, disturbance rejection, insensitivity to parameters varation, without the necessity of exact
mathematical model, and simple in implementation [7]. Unfortunately difficulties such as chattering and high
gain control usually prevent it from being applied to industrial plants directly. Switching in high frequency
between different control structures mainly causes chattering, and high control gain is generally a result of
over-conservation design for the worst case of uncertainty. To diminish the chattering, methods such as
chattering alleviation control (CAC) [8][9], boundary layer method [1], sliding sector (hysteretic switching)
[4], fuzzy sliding mode control (FSMC)[10][11], and productive networks control [12] were proposed and
investigated by authors. Most of the mentioned methods used two or more fixed gain control structures and a
filter-like scheme to deal with the chattering problem. Filtering can eliminate the high frequency component
of the control signal so that frequent switching of the control structures may not happen. On the other hand,
the boundary layer method adopts a continuous control law and a time varying sliding surface [1] to achieve
chattering alleviation. But the result is more dependent of the thickness of the boundary layer, and difficulty
oceurs in practically implementing the time varying sliding surface [8]. The CAC suppresses the switching of
control structures based on measurement of the chattering term [8][9], however the control law will rely upon
precise modeling and measurement that is uswvally not available in uncertain systems. The
variable-structure-variable-gain (V3VG) control proposed in this article is obtained by introducing a
variable-gain structure into the conventional V55, In the variable gain structure, the controller’s gains are
tuned on-line to drive the system toward the desired state before crossing the sliding surface, and as a result
the events of structure switching are reduced. The proposed method has been formulated and proved for robot
control. Experiments have been conducted for a PC-based robot control system, and the results were
compared with those obtained by conventional V35 control and the boundary layer approach.

2. THE PROBLEM OF ROBOT CONTROL _
Consider an a-link rigid robot manipulator described by the following dynamic equation [13]:
M(q)g + F(q.q)+ G(g) = u(t) (1
where git) is the n3 ] vector of joint angular positions, u(?) is the 7% 1 vector of applied joint torques
{comirol inputs), MYg) is the 712 n symmetric, positive inertia matrix, & (g, g)is the nx1 vector of
Coriolis and cenwrifugal forces and Gyg) is the 1% 1 vector of gravitational torques. With the physical
constraints on the parameter terms of (1) in operating the robot, the following properties are usually assumed
to facilitate the computation [14].
Property 1: The inverse of inertia matrix is uniformly bounded as
()| <a @
where a is a positive number.
Property 2: The norm of the vector of Coriolis and centrifugal foree and gravitational torques is upper
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bounded by a positive function of 7 as
|F(a,)+ G(@)| <y + bl + @
where 5 5, and &, are positive numbers.
With the mentioned properties and furthermore if all the signals in the robot system are bounded [13-16],

then (1) can be decomposed into »# subsystems as follows [17]:

my(g)d+d(g,4,§) =u, i=l--.n @
where the subscript / refers to the * element, m;, (q) is the time-varying effective inertia seen at the i® joint,
and d;(q,4,4) is defined as

di(g,6:d) = D my(@d; + fi(9:9) +2:() (5)

J=1
Jei

Let the desired angular position of the i joint be g,;, and define the position and velocity errors as
Xy =g, —q; and X, =X, , respectively, then the error dynamics can be obtained from (4) as follows:

En =X (6)

Xy = -m:.'_iua +mr’]’_1d|' @
where for simplicity, the arguments of time have been omitted. Using the property 1, m,—," in (7} can be
substituted by

my ! =y =k + Ak, (8)
where & denotes the nominal value of the corresponding parameter and Ak; represents the time-varying
uncertainty. With the property 2 one has
d:'| <by + '5'12|‘3':| + 'E’is|‘i’r|3 (@
and without loss of generality, mﬂ_; d; in (7) can be substituted by

mr;-ldf =hyxy + X (10}
where f; =hj +Ahy, j=1,2, and A and Ak, represent respectively the nominal value and the

time-varying uncertainty of the corresponding parameter. Substituting (8) and (10) into (7) obtains

1'i?:l'ﬁ =X {-1 1-}
A = Ry +hpxn — kg

With the plant dynamics.(11), the objective is to develop a physically feasible VSV'G controller that is robust
and without chattering in the control signal to activate the vibration.

3, THE VARIABLE-STRUCTURE-VARIABLE-GAIN CONTROL

In the VSVG control, the system status is divided into three parts corresponding to the control structures
as depicted in Fig. 1. Structures [ and II are defined as in the conventional VSS [13]. Structure III, which
oceurs in the sliding sector, is the variable-gain contrel.

3.1 The sliding sector
The sliding sector in the VSVIG control is defined similar to the boundary layer [1], except x;x,; <0 is

necessary. Let the ideal stable sliding surface of the i subsystem be described by
3:' =C:-_x-! +'.x1-21, I:E :"ﬂ, i1=1,'",!1. Elz}

(i
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The boundary surfaces of the sliding sector are obtained by increasing and decreasing the parameters in (12)

slightly as

sf =cixy+xy, ¢f >0, i=1--,n (13)
and

S =¢j Xy +xn, 6 20, i=ln (14)
to obtain the sliding sector ,(¢) as a region satisfying

8,(t) = 57 50} (15)

Figure 1 shows an example of the surfaces for 5; =0, 57 =0 and 57 =0, respectively. Within the sliding
sector, the VSVG control goes into the variable-gain structure to adapt the system for uncertainty and
disturbance with minimum structure switching, and the bound of state error depends on the design of ¢, and
c; [6][18].
3.2 The VSVG controller
The VSVG control law is proposed to be
= Xy + Ba%i + & 10s;) (16}
where ¢, and ¢, are switching variables, g; is a constant and 7(-) is a function of dead-zone limiter defined
as follows:
1 , s, instructure I
n(s; =40, s, instructure III ( sliding sector) (17
—1,s instructure
When the system remains in structure I or II, the control parameters in (16) are selected to satisfy 5,5, <0
so that the sliding sector is attractive, From (11), (12) and (16}; $, and 8,8, can be derived as follows:
8 = ¢k + X
= CyXy3 + Py +hyaxpy — Kyt
= ¢pXpy + Iy + A — kg(daxy + X + 2i(S,))

= (=kyidy + by )xy + (=kyy + by + ;)% — K 8i77(5;) (18)
and '
87 = (=kyy + by dsgey + (—hydh + A +¢;)8xp = kpgrsn(s;) (19)
Therefore the control parameters for structure I and II should be chosen as
ay > sup{h%f} ifxps; >0
gy = b (20)
Bu ‘-’Eﬂf{ %ﬂ} fays; <0
dz > S“P{mz % c%} if %28, > 0
o = 5 (21
B c:inf{mﬂ v "%ﬂ } x5, <0
and

[gr=0 irky>o0 =
i<l iy <0
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In the sliding sector, the control law simply becomes

Uy = PaXn + G (23
The substitution of (23) into (11) obtains
-‘I"i[ = X3 {24)
X = hpxy +hpxn — kydneg —kpdata
and
Xz _ hada +Mpxp —kudixn — kudhatn
Xy X2
ks (A = Ky Jxy + (o = Kyiia X0
L2
= (A — kudhy J;% + iy = kydha 25)

where i, /%, represents the slope of state trajectory on the phase plane [19], and in the ideal sliding mode, it
should be equal to the slope, ¢, of the sliding surface. But physicaily because of uncertainty, x,, r" X, wil
not always be equal to ¢,. In other words, the ideal sliding mode control is very difficult to realize in the

noisy environment, and therefore in the VSVG control, the state trajectories are relaxed to be within the
sliding sector that can satisfy some performance requirements. (23) shows that the slope of the state trajectory
is a function of ¢, and ¢, . Therefore the slope or equivalently the direction of the state trajectory can be
manipulated on-line by adjusting ¢, and @ . Since in the robot contrel the angular position, X, and velocity,
X,, are measurable, an appropriate rule is to choose ¢; and @, to satisfy
= o (Bt — -‘-'.‘.‘Eﬁn)i"' by — Kyt (26)
T 2
so that the state trajectory can be kept within the sliding sector and heading the target state. The twmning points

of the trajectories ay,..., ayin Fig. 2 shows the effects of changing the control law into (23) and satisfying (26).
However since the solution pair { 4, , ¢ ) of (26) is not unique, one will need an exira constraint to determine

the desired parameters. Fortunately (23) represents a combination of a proportional control, ¢;x; , and a
derivative control, ¢, x;, . The empirical tuning rule of PID controller can help to choose #; or ¢, and leave

the rest one te be calculated from (26). For simplicity if only the proportional portion is applied, then

[ra=(221a 2]
&

o =" 5 O and g, =0 (27
wﬁere Ay, by, and & are defined as above and rewritten as follows:
] By = ki + Ay By = b + Al and ky = ki + Ay (28)
3.3 Perturbations estimation
From (18}, we can obtain
ai;fi—ﬂm%nﬂ m;%fi:-u; (29)
and the uncertainiy can be described as
PRSI oy A, — L (30)
i X1z iy

For small sampling intervals, (30) can be approximately represented by
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Mg =21, Ay = B ang g, = &1 G1)
i Tz u
and Ag, is calculated as follows:
§F{;};L‘;{{!_l.}l (32)
sz oo o S -5(-1) 5(z-1}-5(t-12)
As () =50 -5(-1) = o ¥
_ 5 -25(t =D +5,(t-2) (33)

At
where At denctes the sampling interval.
Theorem 1: The uncertain system described by (11) with the sliding sector (15) and the control law (16)

satisfying
3 b V } : -
= g8
ay sup«[ (3 ifxpsy >0
x x
|:j;ﬂ -[;i = ;,R]x_l-‘!
Gy =y¥n=" . % ky iff 575y =0 (34)

pa <int "/l L iprasi <o

Q> 51.1[:»{"?5!"I i C%E} if x5y =0
fhz =1¥i2 =0 if sjs; <0 (35)
g <intffa @) | st <o

and
e g>0 k>0
" ler<o iy <0

(36)

is asymptotically stable.
Proof: Consider the Lyapunov function
v, = %5!2 (37)

Differentiating v, with respect to time and using (19), we obtain

Vi =95

= (= + Aoy +{—kyd + g + ¢, )83 = kygisi(s;) (38)
Applying (34)-(36) for control structures I and II, and refers to the phase plane distribution as shown in Fig.
3 the three terms on the right side of (38) satisfy the following inequalities:

if six; >0 then sx,;, >0, 8, =a, :rsup{*%_} = —kydy +hy <0

gf.'i'r-_.'Cr-] < [ then .'i'fx“ = D’, #5" = Exn = ]'Ilf{ﬁ%f} == —kﬁﬁ! 'F";:" }D
= (~kydy + Iy Jayxy <0 (39)
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if syx; >0, then s >0, ds = & =sup[(hy + )/ k] = (~hpds + 4 +0,) <0

if 371 <0, thensxy <0, ¢ = Fpo <infl—(hy +¢) k] = (=kydp + g +¢,) >0
= (ke + My + ;)55 <0 (40)
= kygsin(s,) ="‘kﬂgr|51| iy >0,8] >0,k <0,g7 <0 = 'kfxgrr5f| <0 (41)

P [Sev By, 4 el
[ il [-Tn er X
Rearrange (26) to obtain

2
Tl = (B =Ry Jxq + (i = kaia Jxny =
il

In the sliding sector, we have

s;s; S0 and ¢ =y =

In the sliding sector, {38) can be rewritten as
558y = 5, [(hy = K Jxy + (B = Ky )i + €400 (43)

The substitution of (42} into (43) gives
2
f 2 x
V=55 = 3,[—-‘3-+ &%
X

Tl Tl
where since in the sliding sector xpx; <0 is a necessity and therefore (x2 /%)< 0 is obvious. (39)

through (44) show that 5,8, <0 is always satisfied and the system is asymptotically stable.

4. EXPERIMENT OF V5VG ROBOT CONTROL

Figure 4 depicts a photo of the experimental system, Fig. 5 is its schematic diagram and Fig. 6 shows
a block diagram of the whole system. The robot of the experiment has five-degree of freedom and its
parameters are unknown. Photo encoders measure the joint positions, and F/V units and a 12-bits A/D
converter measure the velocity. A feedforward force is applied to eliminate the effect of friction and dead
zone [14]. Since joints 1 and 2 response most significantly to the load perturbations and variations of the
associated parameters. The experiments were simply conducted for them. Figure 7 shows the step responses
of joint 1 subject to variant input levels and attitudes of the robot for identifying its nominal and uncertain
values of the parameter [18]. The characteristics of joint 2 were tested in a similar way. With the testing
results, the error dynamies with respect to joints 1 and 2 were obtained respectively as:

Joint 1 11 T 2 (45)
5 = 0%,y = (25 £ 8)x;, — (380 + 60w,

Joint 2 ¥ = *2 (46)
Xan = 0%q) —(20£5)x9 — (350£ 500,

where x, =g, — ;. 9, and g; denote the desired and actual outputs of the f"juim, respectively. The robot

system was then investigated for conventional VS5 control, boundary layer approach and the proposed

VSVG control, respectively, With the error dynamics described by (45) and (46), and ¢;, ¢, and ¢, =1,2
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being chosen as 20, 18, and 25, the associated parameters in (34)-(36) of the VSVG controller for structures [
and [T (conventional V55) are obtained as

@y =22, By =-2.2, @, = 0.02, f, =-0.02, g =04, g =04

ay =22, 5 ==22, a5, =002, f; =-0.02, g;,” =04, g,” =-04
, and in the sliding sector, y,, and y, are calculated on-line subject to (27) or 2 =y =0.

The experimental results of joint 1 and 2 are shown in Figs. 8-9. Here the angular positions refer to the
corresponding joints and the gear ratio is 240 for both joint | and 2. For conventional VS5 conirol, Fig. &
shows that, in the transient state, the chattering and high control gain is obvious. For the VSVG control, Fig,
9 depicts that the chattering is alleviated effectively and the steady state error is small. The chattering is not
significant, the high control gain does not appear and small steady state position error is obtained. Comparing
the spectrum of the control signals with those obtained by the conventional V55 control, the V5VG methed
contributes to use the low frequency part.

5. CONCLUSION

A VSVG controller that can efficiently alleviate the difficulties of chattering and high gain control has
been successfully developed for the motion control of robot manipulators. The V3VG control system has
been proved theoretically to be asymptotically stable subject to constrained uncertain conditions and
experiments of a robot control system have verified this. The computation burden of the control algorithm is
light and suitable for physical implementation. The experimental system of robot control has demonstrated
the feasibility and effectiveness of the VSVG controller. The proposed variable-gain structure that occurs in
the sliding sector can only be realized by systems with state feedback. Therefore the availability of state
variables either measured or obtained by using an observer is a necessity of the V5VG control. Fortunately
for most motion control systems the position, velocity and even acceleration are usually measurable so that

VEVG control is a candidate for robust control of this class of systems,
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Fig. 2 The desired moving direction in the sliding sector for different sample point
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Fig. 3(b) Phase plane distribution of .i'l.",'qz <0 and 5x, =0
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Fig. 5 Schematic diagram of Fig. 3
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Fig. 6 Block diagram for PC-based V5VG DC servo control system
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