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Abstract: A generalized controller based on stability theory of singularly perturbed systems is proposed, to deal with the
problem of bounded actuator inputs in robot trajectory tracking control. The saturation function with error-gain matrix is applied in
the torque control law, which ensures the upper bound of torque inputs in any given limited range. Through appropriately setting
the entries of the error-gain matrix, the tracking performance can be improved. Moreover, a pseudo signal is generated from a
linear filter to substitute for the actual velocity error, eliminating the need for velocity measurements. Finally, to verify the ef-
fectiveness of the generalized controller, a new saturated controller with error-gain-contained arc tangent function is designed.
Comparison experiments show that the proposed controller can strictly guarantee the bound of the torque inputs in situations with

non-zero initial tracking errors, and gives a better tracking result than other controllers.
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INTRODUCTION

The limited power of actuators has been ignored
in previous designs of robot controllers. The majority
of control strategies were designed on the basis of
actuators offering the arbitrarily large torque required
(Paden and Panja, 1988; Loria and Ortega, 1995; de
Queiroz et al., 1997; Reyes and Kelly, 2001). Re-
cently, researchers have begun to take into account
the problem of bounded torque inputs. Solutions have
been created mostly by using hyperbolic tangent
functions to ensure the upper bound, but most of them
are targeted at the set-point control (Kelly et al., 1997;
Santibanez et al., 1998; Laib, 2000; Zavala-Rio and
Santibanez, 2006).

Velocity and acceleration measurements can
easily be disturbed by noise signals, and in some
situations where the measurements are not available
to deal with these problems, tracking controllers with
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only position measurements and bounded torque in-
puts have been proposed. The first tracking controller
with bounded torque inputs was designed by Loria
and Nijmeijer (1998). The hyperbolic tangent func-
tion was applied in the tracking control law to guar-
antee the upper bound of torque input in the permitted
range. A pseudo velocity error signal was obtained
through a nonlinear filter that contained only the in-
formation of the actual position tracking error, en-
suring control of the whole closed-loop without ve-
locity and acceleration measurements. Dixon et al.
(1999) proposed a new output feedback tracking
controller with bounded torque inputs, similar to that
described by Loria and Nijmeijer (1998), which
yielded semi-global stability in closed loop. Santi-
banez and Kelly (2001) designed a torque-bounded
controller that considered the viscous friction at the
robot joint, and proposed that if the viscous friction
damping is large enough, the global asymptotic sta-
bility of the system is guaranteed. Along with Mo-
reno-Valenzuela et al.(2008b), they showed that ap-
plying appropriate extra gains in the hyperbolic
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tangent saturation functions can improve tracking
performance. The stability theory of singularly per-
turbed systems was used to give an explicit proof of
the system stability. Moreno-Valenzuela et al.(2008a)
presented a class of output feedback controllers in an
attempt to generalize the results of Loria and Ni-
jmeijer (1998), but it added a restriction on velocity
error while using the singular perturbation theory.

In this paper, a new generalized controller with
an error-gain matrix in the saturation function of the
control law and only joint position measurements in
the whole closed-loop control is proposed, based on
stability theory of singularly perturbed systems.
Taking it as a template, a new sample controller with
modified arc tangent saturation function is designed
to make comparisons with two other controllers, to
verify the effectiveness of the proposed generalized
controller.

Notations: In this paper, we use ||| for either
Euclidean norm of vectors or induced L, norm of
matrices. |-|m and |||ln denote the minimum and |:|u
and |||lm the maximum values of |-| and |||, respec-
tively. An{} stands for the smallest and Aw{} for the
largest eigenvalues of matrices.

DYNAMIC MODEL AND PROPERTIES

The dynamics of a rigid serial n-link robot ma-
nipulator with revolute joints can be written as

M(a)4+C(a,d)g+G(q) +F.a=7, )

where qeR" denotes the joint angle vector, M(q)e
R™" the inertia matrix, C(q,q)eR™" the centripetal-

Coriolis matrix, G(q)eR" the gravity effect,
Fo=diag{fu1, f2, ..., fn}eR™" (f,;>0, i=1, 2, ..., n) the
viscous friction coefficient matrix, and zeR" the input
torque vector.

Some useful properties are listed as follows
(Loria and Nijmeijer, 1998; Kelly et al., 2005; Mo-
reno-Valenzuela et al., 2008b):

Property 1 The inertia and centripetal-Coriolis
matrices satisfy the following skew symmetric rela-
tionship:

x"[M(a)-2C(a,d)]x =0, @)
M () =C(a,4) +C(a,d)". ®)

Property 2  The inertia matrix M(q) is symmetric,
positive definite, and satisfies the following
inequalities:

ZoAM@3X[ < x™M@)x < A M @X[". (@)

Property 3 VX, Y, zeR", the centripetal-Coriolis
matrix satisfies the following transformations:

C(X,y)ZZC(X,Z)y, (5)
C(x,y+2)=C(x,y)+C(x,2). (6)

Property 4 The centripetal-Coriolis, gravity terms
can be bounded in the following manner:

[c@askefdl. [e@], k.. @

GENERALIZED CONTROLLER

In this section, we will first give the control goal,
then introduce a class of saturation functions, and
finally, develop a generalized position output feed-
back tracking controller with bounded inputs.

Control goal
The control objective was to design a controller
with bounded inputs |zi|<zim, i=1, 2, ..., n, which

guarantees the joint displacements q(t)eR" converge
asymptotically to the desired joint displacements
qq(t)eR", where 7; denotes the control torque input of
the ith joint, and correspondingly, zjy denotes the
permitted maximum torque input of the ith joint.

We define the position tracking error e(t)eR" as

e(t) =a,(t) - a(t). (8)

Assume qg(t) and its first two time derivatives
are bounded:

e < o O, - 18 O <l Ol e O < [l O, -
(9)

Then, the control goal can be expressed as

ve(0)<R", lime(t) =0. (10)
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A class of saturation functions

To ensure the upper bound of absolute value of
torque input, an appropriate saturation function
should be applied in the control law. Following
Moreno-Valenzuela et al.(2008a), we have found a
class of more generalized saturation functions with
the following properties:

We define Sat(x, 4)=[sat(xi, 1), sat(xz, a2), ...,
sat(Xn, on)]', where X=[x1, Xz, ..., X,]' €R", 4=diag{o,
02, ..., on}eR™", 61, i=1, 2, ..., n. Here, we use o,
and oy to represent the minimum and the maximum
values of g;, respectively.

i) sat(xi, oj) is a monotone increasing function,

osat(x,o;)

ie., —— 21250, Vx;eR.
OX

ii) sat(xi, a))x>0; if and only if x;=0 and sat(x;, o;)
=0, sat(x;, i)x=0, VxjeR.

iii) [sat(xi, opl<p, ||Sat(x,4)[l<~/np, VxR,
xeR".

iV) oml[X|[>ai|Sat(x, 4)||, YxeR", where ;>0 is
small enough.

V) Sat(x, 4) is continuously differentiable and

satisfies A4, {%
X

vi) x>0 is always large enough such that for all
xeQ,, Q,={xeR" |x|[<n}, where >0 is arbitrarily
large, om||X|[<az||Sat(x, 4)|| is satisfied.

vii) For all xe,, there exists small enough y,>0
and large enough 7,>0 to satisfy z,[Sat(x,4)| <

} <p, p>0forall xeR".

3o sat(x, o), <, [Sat(x, A
i=1

With the properties described above, the im-
provements compared with Moreno-Valenzuela et al.
(2008a) can be summarized: we apply an extra posi-
tive gain g; that can change the approaching behavior
to saturation of the function sat(x;, oi), and we define a
generalized relationship more than multiplication and
division between x; and g;.

Implementation of generalized controller

When tracking control without velocity meas-
urements, we use a linear filter which can generate a
pseudo signal & from only the position tracking error e,
to surrogate the actual velocity tracking error €. The
filter is given as
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r=ug,
E=Ue-r,

(11)
(12)

where reR" is an auxiliary variable introduced to

divide the overall filter into two implementable parts,

and ¢ is the output of the filter, U=diag{u, 12, ...,
wnyeR™" 1>0,i=1,2, ..., n.

From Egs.(11) and (12), we obtain

c=UE-9). (13)

To facilitate the expressions, we use M, C, Cq4

and G to represent M(q), C(q, §), C(q, d,) and G(q),

respectively. Then, we propose the generalized con-
troller as

7=M(g, +C,4, +G+ F,q, + KpSat(e, K.) 14)
+ deat(é:y Kg“)i

where Kp=diag{Kp1, Kp2, ..., kpn}, Ke=diag{Ka1, Kaz, ...,
kdn}ERnxn; Ke:diag{kel: Ke2, .-, ken}y Kg’:diag{kfly
ke ey Ken}eR™T, and ki, kgi>0, kei, k=1, for i=1,
2, ..,N.

Moreover, from Eq.(14), Properties 2, 4, iii), and
Eq.(9), we can obtain

[zl <IMlly el +ICallu Il (15)

+|Gi|M + fvi |qdi|M + (kpi + kdi) P,
where M;, Cqi and G; denote the ith row of M, Cq4 and
G, respectively. To follow the input constraints |zj|<ziu,
the following inequality should be satisfied:

Tin > M [l +1Cai s il

. (16)
+|Gi|M + fvi |qdi|M + (kpi + kdi)p'

SYSTEM STABILITY

In this section, a new method for analyzing the
stability of the tracking control system is introduced.
Based on the new method, we give the strict but brief
stability proof of the generalized controller.
Theorem 1  Consider the nonlinear singularly per
turbed system:
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x=f(t,x,2¢),
ez=9(, x,z,¢),

an
(18)

where xeR™, zeR"™, £>0. Assume that the assump-
tions below are satisfied V(t, X, €) [0, +0)xB,X[0, &],
B,={xeR": [[x|[<}:

1.f(t, 0, 0, &)=0 and g(t, 0, 0, £)=0.

2. The equation g(t, X, z, £)=0 has an isolated root
z=h(t, x) such that h(t, 0)=0.

3. The functions f, g, h and their partial deriva-
tives up to the second order are bounded for z—h(t, X)
€B,, where B,={xeR": ||x||<p}.

4. The origin of the reduced system

x = f(t, x,h(t, x),0) (19)
is exponentially stable.
5. The origin of the boundary-layer system
d—y—g(t X, ¥+ h(t, x),0) (20)
d5 i) H i) i)

is exponentially stable, uniformly in (t, x), where
o=tle, and y=z—h(t, x).

Then, there exists ¢ >0 such that for all £ >e, the
origin of EQs.(18) and (19) is exponentially stable
(Khalil, 2007).

Define x=[e" ¢']", z=¢ and e=1/u (for con-
venience, we select yi=u in U, i=1, 2, ..., n), and sub-
stitute Egs.(8) and (14) into Eq.(1), to obtain forms
similar to Eqgs.(17) and (18) by invoking Property 3:

%, =6, (21)
X,=6=-MT[(C+C,+F,)é -
+ K Sat(e, K, ) + K,Sat(¢, K.)], (22)

,_ . d& .
gz—gdt =e-¢. (23)

Substituting ¢ =€ into Eq.(22), we can obtain

X,=6=-MT[(C+C,+F,)é (24)
+ K Sat(e, K, ) + K Sat(¢, K,)].

Then, Eqgs.(21) and (24) build up the reduced
system (slow model). Let t/e=5. We can obtain the
boundary-layer system (fast model) as follows:

1503

W _def) 9 ¢ )
do do do
where € is recognized as a constant for the scaled

time variable 4.
Proposition 1 For any [ e(0)" é(0)" &(0)" ]T cd,,
where GD,,:{XE]RSHZ IX|[<#}, #>0 is arbitrarily large, if

2 2
(04 (04 . a
. [k—J f[k—J ke fa, [k—j -0 29)

is satisfied, there always exists ¢ >0, and for all &>,
the state space origin of the system Eqgs.(21)~(23) is
exponentially stable.

Proof  According to Theorem 1, if the singularly
perturbed system Eqs.(21)~(23) satisfies all the as-
sumptions 1~5, then the exponential stability can be
achieved. Five steps are presented in sequence, as
follows:

Step 1: From Egs.(21)~(23), we can obtain
[6T 6T ] =[000]", when [eT 6" &"]" =[000].
So Assumption 1 is satisfied.

Step 2: Note that, when ¢=0, we can obtain the
unique isolated root of Eq.(23): & =¢.

In contrast to the generalized controller proposed
by Moreno-Valenzuela et al.(2008a), the isolated root
is Sat(&) =€ (where Sat() is a class of saturation
functions defined by the authors), which creates a
bound to é. This may cause a serious decrease in the
radius # with the too strict constraint condition
|&| < p. This results from applying a nonlinear filter
described as Egs.(15) and (16) (Moreno-Valenzuela
et al., 2008a).

Step 3: Determine that the right sides of
Egs.(21)~(23) have bounded partial derivatives up to
the second order for & —€é e B,.

Step 4: The state space origin [e" €']" =0 isthe
only equilibrium point of the reduced system Eqgs.(21)
and (24). We define a Lyapunov function V (t,e,€),
written as V for short, as
V=Yk, jo sat(e, k. )de, +%éTMe' +ve"MSat(e, K,),

i=1

@7)
where constant >0 is small enough.
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Applying Properties 2 and vii), we obtain the
inequality

k. 1 .
V> yl[k—p] ||Sat(e,Ke)||2+5/1m{M}||e||2 @

ei

8)
- v, {M3}¢||||Sat(e. K.)|-

Therefore, it can be shown that, V[e" ¢']" € B, ,
V is positive definite under the condition

v<y = \/271}~m{M}(|;pi] //1M{M}-

After taking the time derivative of Eq.(27), sub-
stituting Eq.(22) for € and applying Property 1, we
can obtain

V=—-€"[(C,+F,)é+K,Sat(é,K,)]
+ u[é‘TMSat(e, K,)+€é MSat(e,K,) (29)

+6™M we}
oe

Furthermore, using Properties 1~3, i)~vii) and
the inequality || <|é]+ |d,] . we obtain

V <-s,,[sat(e, K,)| - s,, [Sat(e, K(:)"2

(30)
— (s, +5,)[Sat(e, K, )|[Sat(¢, K,

where
8$11= UKpm, S22=T1— 0Ty, S15=S21=—UT3,

2 2
R (0 PR U [a_]
N S R A

T, =(Vnpke +ﬂkeMzM{M})(z—1],

. 1 1
T, :(kc fa + vaj[k%z}Ede.

sm

Then from Eq.(30), we can obtain the following
form by transformation:

, {"Sat(e,Ke)”]T {"Sat(e,Ke)"]
V<-— S

satce, K| | [sate K.)

(31)

<t Jsete ) [sae. ]|

- S11 S12
where the matrix S = . It can be shown that
le SZZ

the right-hand side of Eq.(31) will be negative defi-
nite if S is positive definite.

Note that s;;=vkym>0. According to Sylvester’s
theorem, to ensure the matrix S positive definite, it
should satisfy s,;s,, —s’, >0, i.e.,

o kT, =0 (KT, +T7) | >0, (32)

where we already have v>0and kT, + T, > 0.

If v<v, =k, T,/(kT,+T7) and T>0 (ie.,
Eq.(26) is satisfied), S will be positive definite, then
for all [e"¢"]"eB,, V will be negative definite,
which implies the local asymptotic stability of the
state space origin of the reduced system Eqgs.(21) and
(24).

In addition, we can obtain the inequality

Vsn(%] fsat(e, K, )f
i /M

el

Lhonf & fswerol @
£m

+ MM{M}k“—ZHSat(e, K.)|Isatee. K,)|
£m

using Properties 2, vi), and vii).
Similarly, we can obtain the same form as de-
scribed by Eq.(31):

["Sat(e, Ke)||]T ["Sat(e, Ke)||]
V<

st <o Clfsaerol] o

< 240 [ Jsatte, K, )] [satce. k)| |

where QeR™" is a symmetric matrix.



Liu et al. / J Zhejiang Univ Sci A 2009 10(10):1500-1508 1505

From Eqgs.(31) and (34), we can obtain

V< —@v, (35)
Au{Q}

which indicates the exponential stability of the re-
duced system for all [e” ¢"]" € B, . Note that the v in

Vand V should satisfy 0<o<min{uv, v5}.

Step 5: For the boundary-layer system Eq.(25),
we define a Lyapunov function W(d, &), written as W
for short, as

W =o€ -¢)", (36)

where constant >0 is small enough. Then, we obtain

dw
—— = 20(& - &) =-2W,
4 - 20E=¢)

@37
which shows that the exponential stability of the
boundary-layer system holds uniformly in (t, x)
without any restrictions on the initial state conditions.
Also, we find that the exponential convergence rate
increases as the scaled time variable 6=t/e increases;
i.e., the smaller the &, the faster the exponential con-
vergence of the boundary-layer system.

Therefore, according to Theorem 1, there always
exists ¢ >0 satisfying condition ¢ >¢, such that for all

[e(0)" €(0)" ¢(0)']" e®,, the space origin of the
system Eqs.(21)~(23) is exponentially stable.

SAMPLE CONTROLLER

The controllers referred to by Loria and Ni-
jmeijer (1998) and Moreno-Valenzuela et al.(2008b)
are two particular cases of the proposed generalized
controller in this paper. The saturation function of
Moreno-Valenzuela et al.(2008b) is chosen as the
hyperbolic tangent function, with the relationship
between x; and o; of sat(x;, oi) selected as multiplica-

tion, i.e., tanh(aj, X;), which satisfies Properties i)~vii).

In Loria and Nijmejer (1998), the error gain g in
sat(x;, oj) turns out to be 1.

Based on the proposed generalized controller,
we can design bounded controllers conveniently and
flexibly using the following two steps:

Step 1: Divide the whole control system into two
sub-systems (reduced system and boundary-layer
system), and then design each sub-system separately.

Step 2: Design the proper saturation functions,
which need only to satisfy Properties i)~vii), without
any restrictions on the relationship between x; and ;
of sat(x;, i)

Using this method, we design a new controller:

T =M(, +C,q, + G+ F,q,

(38)
+ K, Atan(e, K,) + K Atan(¢, K, ),

where e and ¢& satisfy Eq.(13); Atan(e, K¢)=[atan(ey,
ket), atan(ez, Ke), ..., atan(en, ken)]', Atan(é, Ko=
[atan(¢y, k), atan(&, k=), ..., atan(&, k)], atan(e;,
kei) and atan(¢;, ks) denote the arctangent functions
arctan(keigi) and arctan(ks&), respectively, i=1, 2, ...,
n; i.e., the sat(x, ;) in the generalized tracking con-
troller is designed as arctan(oix;).

Obviously, arctan(aix;) satisfies the properties i)
and ii), and we can obtain p=n/2, a;=1, =1 from the
properties iii)~Vv) separately.

In Property Vi), o,|x]|/|arctan(c;x)| < ay,

V|xil<n, i1=1, 2, ..., n. We obtain
a, =max{a,, &y,...,a,, } = o,nlarctan(c,, 7).

In Property vii), V|xi|<n, i=1, 2, ..., n,

o, J:i arctan(o; x, )dx; =o; x,arctan(o; x;) —% In[1+ (o;%)°],

ainarctan(aixi)—%In[1+(aixi)2] 1

< lim o
7= o [arctan(o,x )] 2

S0 y; can be selected as y;=0.5. On the other side, we
have

onarctan(o,77) — % In[L+ (o:7)%]

Vai 2

[arctan(o,n)]?

where y, can be selected as y,=max{y.1, 722, ..
i.e.,

(X} }’Zn},

o, parctan(c, 1) - % In[L+ (o, 7)°]

2= [arctan(c,7)]?
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Fig.1 shows the function curves of arctan(six;)
for 6;=1, 3, 10 and tanhx;.

15 PR
1.0 i g
if
u
~ 05 [
e
S
= 0
>
-0.5 f. yi=arctan ;
0 Y P — "; ----- yi=arctan(3x;)
/"t,-' --=.=- y;=arctan(10x;)
—15 pe==rsmmamnmn “ e yimtanh g
-10 -6 -2 2 6 10

Xi

Fig.1 Function curves of arctan(e;x;) and tanhx;

In response to increasing values of o, the
zero-crossing slope of function arctan(oix;) increases
steeply and rapidly approaches saturation. Function
arctan() has a wider range of (—=/2, n/2) than function
tanh() (with a range of (-1, 1)), resulting in a more
moderate approach to saturation for the same value of
oi. In the following section, we will show that this
feature can improve tracking performance.

SIMULATION EXAMPLE AND COMPARISONS

To verify the effectiveness of the controller, we
executed simulations for a 2-DOF (degree of freedom)
direct-driven robot manipulator. The parameters are
given as

M = [ 3.3+0.24cosq, 0.11+ 0.12cosq2}
0.11+0.12cos g, 0.11 ’
c. [-0.12¢,sing, -0.12(g, +4,)sin qz}
| 0.12¢,sinq, 0 '
G- [48.02sinq, +1.96sin(q, + qz)}
1.96sin(q, +q,)

F, =diag{2.5, 0.2}, U =diag{500, 500},
im=120 N-m, 75y=20 N-m,

and the desired position trajectories as

Uy () = [60(1— &)+ 20(1— e )sin(6t) + 5] (deg),

Uy, (1) = [75(1— e2") +105(1— e )sin(L.5t) +1o} (deg).
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In practical situations, the initial position errors
are not always 0. Controllers without saturation func-
tions usually result in large initial torque inputs,
which may even exceed the actuator torque limit. To
evaluate the performance of the controller without
loss of generality, the initial desired positions of each
joint were set as 5° and 10°, respectively.

Firstly, we carried out some simulations on the
proposed controller to see how the tracking per-
formance varied with different error-gain matrices.

Tracking errors of each joint were as shown in
Figs.2a and 2b, where the error-gain matrices were
chosen as K.=K:=diag{2, 1}, diag{3, 2}, and
diag{5, 1.5}, and K;, Ky were selected as diag{4.5, 4},
diag{1.5, 0.5} respectively, satisfying Eq.(16) by trial
and error.

Ke=K=diag{3, 2}
K.=K=diag{2, 1}
K=Kz=diag{5, 1.5}

Tracking error (°)

K=K =diag{3, 2}
sttt Y K=K=diag{2, 1}
----- Ke=K=diag{5, 1.5}

Tracking error (°)
S

0 2 4 6 8 10
Time (s)

Fig.2 Tracking errors of (a) the 1st and (b) the 2nd joints

Generally, large error gains result in a large
overshoot and oscillation. When error gains were too
small, there was a long adjustment time. Because of
the coupling relationship between the two joints of the
robot, it is difficult to determine the strict rules be-
tween good tracking performance and the corre-
sponding error-gain matrix. However, proper settings
of the error gains can definitely benefit the tracking
results.

We compared our controller Eq.(38) with the
controllers proposed by Loria and Ortega (1995)
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(hereafter called L-O’s, given in EQ.(39)) and
Moreno-Valenzuela et al.(2008a) (hereafter called
M-S-C’s, given in Eq.(40)). The architectural com-
parison of the three controllers is shown in Table 1.

Table 1 Architectural comparison

Controller  Saturation function  Error-gain matrix
Ours Has Has
M-S-C’s Has Has not
L-O’s Has not Has not

The control law in L-O’s is

7=M(, +CyG, +G+F, g, + K e+ K&, (39)

and the control law in M-S-C’s can be written as

= Md, +C,d, +G +F,g, + K,Atan(e, 1) + K,Atan(¢, 1),
(40)

where e and & in each controller have the same rela-
tionship as Eq.(13), and 1eR™" is the identity matrix.

To make fair comparisons, we selected the same
proportional and derivative gains: K,=diag{4.5, 4},
K¢=diag{1.5, 0.5}.

Angle (°)
B (2] o)
o o o

N
o

— Actual trajectory
------ Desired trajectory 1

o

200

150

100

Angle (°)

50

— Actual trajectory ----- Desired trajectory

0 2 4 6 8 10
Time (s)

=50

Fig.3 Trajectory tracking of (a) the 1st and (b) the 2nd
joints

Our controller gave a satisfactory performance
in the trajectory tracking, where we set Ke=diag{3, 2},
Ke=diag{3, 2} (Figs.3a and 3b).

The comparisons of tracking errors are shown in
Figs.4a and 4b, and the quantified comparisons using
the standard criteria of adjusting time, overshoot, root
mean square (RMS) value of the position tracking
error computed on a trip of time T (10 s) are shown in
Table 2. The adjusting time was defined as a period
from the start to the moment the tracking error ¢; just
falls into the area of £0.02° and RMS was defined as

RMS][e, ()] = /le§|ei(t)|2dt, i=12, (41)

17 2
RMS[e(t)] = ?jo le| dt . (42)
Table 2 Performance comparison
Value
Parameter
Ours M-S-Cs L-O’s
Adjusting 1st joint 4.4 7.7 8.2
time (s) 2nd joint 1.6 3.3 4.1
1st joi . . T
Overshoot (%) Stj?lrlt 0.83 0.93 0.76
2nd joint 0.87 0.86 1.04
e 1.174 1.515 1.324
RMS (°) e, 1.040 1.228 0.987
llell 1568  1.950  1.651
——Ours
.......... M-S-C’s
< 400 T L-0’s
S
@
g
=
8
=
b —— Ours
~ ol o M-S-C’
< 8 © VS
I
5 6
D
£ 4
£
= 2
2% 2 4 6 8 10

Time (s)

Fig.4 Comparison of (a) the 1st and (b) the 2nd joint
tracking errors
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Our controller had the shortest adjusting time,
and a relatively small overshoot among the three
controllers (Table 2). More importantly, it also gained
the lowest value of RMS[e(t)] and a relatively low
RMSJe;i(t)] in each joint. That is because we chose a
wider range saturation function—arctan incorporat-
ing an appropriate positive definite diagonal error-
gain matrix for the control law.

Figs.5a and 5b show a comparison of torque
inputs. The L-O controller presented rude transients.
In particular, the second joint failed to respect the
constraint 7y, giving a torque input of about 45 N-m
rather than 20 N-m. The maximum absolute torque
input value of each joint using our and M-S-C’s con-
trollers are practically the same, at about 80 and
5 N:m.

801
601

40t

Torque input (N-m)

201

| — Ours
40 | (b) .......... M-S-C’s
30
20 t

10 ¢

Torque input (N-m)

0 2 4 6 8 10
Time (s)

Fig.5 Comparison of (a) the 1st and (b) the 2nd joint
torque inputs

CONCLUSION

The problem of torque outputs of joint actuators
having upper bounds exists almost everywhere in the
practical control of robot manipulators. To deal with
it, we proposed a generalized tracking controller with
bounded inputs based on stability theory of singularly
perturbed systems. By applying the proper error-gain
diagonal matrix to the arc tangent saturation function
used in the control law, the sample controller de-
signed by following the generalized scheme gave a
better tracking performance with only position meas-
urements than those without error-gain matrices or

saturation functions. Theoretical analysis and simu-
lation experiments verified the effectiveness of the
proposed controller.
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