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This paper presents a robust nonlinear controller for a 6 degree of freedom (DOF) parallel 

manipulator in the task space coordinates. The proposed control strategy requires information 

on orientations and translations in the task space unlike the joint space or link space control 

scheme. Although a 6 DOF sensor may provide such information in a straightforward manner, 

its cost calls for a more economical alternative. A novel indirect method based on the readily 

available length information engages as a potential candidate to replace a 6 DOF sensor. The 

indirect approach generates the necessary information by solving the forward kinematics and 

subsequently applying alpha-beta-gamma tracker. With the 6 DOF signals available, a robust 

nonlinear task space control (RNTC) scheme is proposed based on the Lyapunov redesign 

method, whose stability is rigorously proved. The performance of the proposed RNTC with the 

new estimation scheme is evaluated via experiments. First, the results of the estimator are 

compared with the rate-gyro signals, which indicates excellent agreement. Then, the RNTC with 

on-l ine estimated 6 DOF data is shown to achieve excellent control performance to sinusoidal 

inputs, which is superior to those of a commonly used proportional-plus-integral-plus- 

derivative controller with a feedforward friction compensation under joint space coordinates 

and the nonlinear controller under task space coordinates. 
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Tracker 

I. Introduction 

The dynamics and kinematics of a parallel 

manipulator have been extensively studied by 
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virtue of its high tbrce-to-weight ratio and wide- 

spread applications such as vehicle, flight simula- 

tor, machine tool, and end-effecter of robot sys- 

tem despite a workspace smaller than a serial 

robot system (Fichter, 1986 ; Merlet, 2000). Apart 

from practical engineering reasons, the parallel 

manipulator has attracted attention in the field of 

robust nonlinear control theory since it presents 

a theoretically interesting problem as a typical 

multi input-mult i -output  (MIMO) nonlinear sys- 

tem with uncertainties of inertia, modeling error, 
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etc. (Kang et al., 1996 ; Kim et al., 1999, 2000). 

The control design for a parallel manipulator 

typically takes one of two routes: task space 

control (Kang et al., 1996; Lebret et al., 1993; 

Park, 1999; Ting et al.. 1999) and joint space 

control (Kim et al. 2000; Nguyen et al., 1993) 

method. The joint space control scheme attempts 

to track the cylinder lengths pre-computed from 

the desired 6 DOF trajectories (surge, sway, 

heave, roll, pitch, and yaw) through inverse 

kinematics. On the other hand, the task space 

control implements direct control of the 6 DOF 

by utilizing the measured or estimated 6 DOF 

data. Both approaches have attracted much atten- 

tion in recent years. Kang et al. (1996) and Ting 

et al. (1999) proved the stability of the task space 

control system of the Stewart platform driven by 

a hydraulic servo-system and demonstrate its 

performance via a simulation study. Kim et al. 

(1999, 2000) presents a novel nonlinear controller 

accompanied by stability proofs in the joint space 

coordinates, under the uncertainties that are too 

conservative due to the inclusion of gravity and 

known dynamic characteristics. Park (1999) 

applied H~ robust control strategy based on the 

linearized model of the Stewart platform. How- 

ever, it should be noted that an experimental 

study on the task space control of a 6 DOF 

parallel manipulator have not been extensively 

carried out yet. 

This paper builds on the previous research 

efforts by Kang et al. (1996) and Kim et al. 

(1999, 2000) and proposes a robust nonlinear 

task space controller (RNTC) based on Lya- 

punov redesign method to guarantee a practical 

stability under uncertainties such as inertia, 

modeling error, and measurement uncertainties 

like noise, etc. The proposed approach realizes 

the task space control scheme without a rather 

costly 6 DOF sensor. Instead, the forward 

kinematics is solved via the Newton-Raphson 

method (Dieudonne et al., 1972; Nguyen et al., 

1993) to obtain 6 DOF information from actuator 

lengths, and an alpha-beta-gamma tracker is 

adopted to post-process the acquired 6 DOF 

information, which results in the noise-filtered 

velocities and their derivatives (Lewis, 1986; 

Friedland, 1973). The experimental results indeed 

justify the use of a forward kinematic solution 

based on the Newton-Raphson method and an 

alpha-beta-gamma tracker under measurement 

noise. Finally, the robust nonlinear task space 

controller with the on-l ine estimated 6 DOF data 

is shown to achieve excellent control performance 

with respect to several sinusoidal inputs, which 

turns out to be superior to those of the propor- 

t ional-plus-integral-plus-derivative (PID) con- 

troller with a feedforward friction compensation 

in the joint space coordinates and the nonlinear 

controller with a feedforward friction compensa- 

tion (NCFFC) in the task space coordinates. 

In Sec. 2, the kinematics and dynamics of a 6 

DOF manipulator are briefly presented. Sec. 3 

describes the proposed nonlinear control strategy 

and the accompanying stability analysis. Experi- 

mental study is presented in Sec. 4, where the 

control performance of the proposed task space 

control (RNTC) approach is compared with 

those of the PID controller in the joint space 

coordinates and the N C F F C  in the task space 

coordinates. 

2. Dynamic  Model  of a 6 D O F  
Paral le l  Manipulator  

The dynamic model of a 6 DOF parallel 

manipulator is briefly summarized in this paper, 

since its dynamics and kinematics has been 

extensively studied (Kim et al., 1999, 2000; 

Lebret et al., 1993; Nguyen, 1993; Park, 1999). 

Each coordinate system in Fig. 1 is defined as 

follows. The { L } coordinate system is the base 

coordinate system for the inertial frame, while the 

{ U } coordinate system is the moving coordinate 

system for the body-fixed frame. The linear 

motions labeled as surge, sway, and heave are 

along the xL--yL--ZL axis. Figure 2 describes the 

angular motions labeled as roll, pitch, and yaw. 

Figure 3 shows the definition of each vector 

required to derive the kinematic and dynamic 

equations of the parallel mechanism. For detailed 

description, refer to Kim et al. (1999, 2000) or 

Park (1999). 

With the angular and linear motions of the 
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% 

Fig. 1 The Coordinate systems of a 6 DOF parallel 
manipulator 

z' z% yaw zu 

• ..,; ~ ,  

Fig. 2 Rotational transformation from { L } frame to 
{ U } frame without translations 

Z v 

M(qu, S')6.v+C(qv, qv, S')dlu 
+G(qv, S')=j r (qe)( f - f / )  (1) 

where M ( ' )  ~ R  6x6 is inertia, 

C ( ' )  ~ R  ~×6 is Coriolis and centrifugal 

force, 

G ( ' )  ~ R  6 is gravitational force, 
J ( . ) E R  6×6 is Jacobian, 
q u =  Iqt T qa T] rER6,  q , =  Ix y z] r, 

and q a = [ a  /~ Ylr, 

f ~ R  ~ implies the actuator forces, and f i ~ R  e is 

equivalent friction of actuators and joints. It is 

further assumed that 1~{-2C in the dynamic 

equation satisfies the skew symmetric property 

(Spong et al., 1989). Although the Jacobian is 

allowed to be singular in a general robot system, 

it is typical that the parallel manipulator be 

mechanically designed to avoid such a singula- 

rity. Therefore, it does not seem too outrageous to 

make the following assumptions when realizing a 

MIMO control strategy. 

Assumption 2.1 The Jacobian is not singular. 

Assumption 2.2 If £ (constant or t ime-vary- 

ing) represents the uncertainties that include 

inertia, modeling error, and measurement noise, 

S ' ~ , ,  ~ ,  where ~ is compact set. 

It is further assumed that the actuator dynamics 

(both electrical and mechanical) may be neglected 

in this system except for the friction of each 

actuator. The actuator friction is explicitly con- 

sidered as equivalent disturbance force at each 

joint  since it may significantly deteriorate the 

tracking accuracy. 

Fig. 3 Definition of the vectors in the kinematic and 
dynamic equations for a parallel manipulator 

parallel manipulator  in Fig. 1 and Fig. 2 denoted 

as a (roll),  fl (pitch), Y (yaw), x (surge), y 

(sway), and z (heave), the Euler-Lagrangian 
method results in the following dynamic equation 
of motion 

3. Control Design 

The robust nonlinear control theory is a widely 

known strategy for nonlinear systems with uncer- 

tainties to guarantee practical stability (Corless et 

al, 1981; Khalil ,  1996; and Kim et al, 2000). 
However, it may not be applied in a straight- 

forward manner to a mechanical system with 

stick-slip friction that does not satisfy the 

Caratheodory condition necessary to guarantee 

the existence and the continuity of the solution, 

which calls for an addit ional  assumption as 

described later in this section. Since the details 
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of definitions (practical stability, uniform ulti- 

mate boundedness) and assumptions referred in 

this paper can be found in Corless et al. (1981) 

and Khalil  (1996), the preliminary materials are 

presented minimally. Then proposed robust non- 

linear task-space control (RNTC) scheme is des- 

cribed in detail. 

3.1 Preliminaries 

Consider a system 

z = f ( t ,  z) + g ( t ,  z) [ u + 8 ( t ,  z, u) ]  (2) 

where z ~ R "  is state, u = l k ( t ,  z ) + v ~ R  p is 

control input, and lk, v are nominal and robust 

nonlinear controls respectively. The f ( . ) ,  g ( . )  

and d '(-)  are defined in (/,  z, u) ~ [ 0 ,  oo) XDrX 

g p, where D r : {  z E R "  III z I1< r }. 
Assumption 3.1 The function f i ( ' ) ,  g i ( . )  and 

d i ( ' )  are Caratheodory ones. The solution of the 

system given by Eq. (2) exists and is absolutely 

continuous with respect to the initial condition 

(Corless, 198 I). 

Remark 3.1 In general, the Caratheodory 

condition is required for the existence and con- 

tinuity of the solution. Therefore, it is not 

straightforward to apply the robust nonlinear 

control theory to a system with stick-slip, which 

obviously does not satisfy the Caratheodory con- 

dition. On the other hand, it has been shown that 

if supplement equation and definition can be 

admissible for a system with friction, there still 

exists a continuous solution from practical view- 

point (Hahn, 1967 and Radcliffe et hi., 1990). 

Assumption 3.2 The norm of the uncertain 

element is bounded by a known function; that is, 

for all ( t ,  z ) ~ R × D r  

II z, u) z) + k  II v II, 0 k<a (3) 

where the known function p ( ' ) ;  R x R  n ~ R+ is 

a Caratheodory function (Khalil,  1996). 

3.2 Robust control design 

In this subsection, a robust nonlinear controller 

is synthesized in the task space coordinates on the 
preliminary materials. The frictions of actuators 

and joints were converted to equivalent distur- 
bance forces. The following assumptions are 

further made for robust control design. 

Assumption 3.3 There exist positive constant 

M, M > 0  such that 

M I  < M (q . ,  s ~) < MI ,  (4) 

where V q v E D r ,  S'E,.~ ~ ,  and 3 is compact. 

Assumption 3.4 It is assumed that each matrix 

in Eq. (1) can be represented as nomina l+devia -  

tion: 

M(qv .  S') =Mo(qu ,  0) + 3 M ( q . ,  S'). 

C(qv,  qv, S ~) =Co(qu.  {Iv. 0) + c~C (qv. qv, 5'), 

G(qv,  S ' )=Go(qv .  0 + 3 G ( q . ,  S'). and 

f : ( ' )  = f s o ( ' )  + 3 f : ( ' ) .  

Then, the dynamic equation lbr a tracking error 

~lt:=qv--qua becomes 

M(. )  ~ .  +C (-) 4 .  = - M o ( - ) q . a - C o  (') q.a 
-Go(-) + j r ( . ) f  
- J r ( - ) f s 0 + h l ( - ) ,  

(5) 

where q v a E R  6 is the desired trajectory vector 

and h, ( ' )  = - 6 'M( ' )  t i u a -  $ C ( ' )  q u d -  SG(") - 

jT(.) 3f:. 
Kim et hi. ( 1999, 2000) and Kang et hi. (1996) 

lump the gravitational and Coriolis forces into 

uncertainties for control design since their control 

scheme is derived for joint  space control. As a 

result, the control performance may be greatly 

deteriorated by the presence of the large uncer- 

tainties. On the other hand, the uncertainities are 

significantly minimized in the proposed approach 

by directly compensating for the gravitational 

force, Coriolis force, etc. as shown in Lemma 3. I. 

Lemma 3.1 Suppose that there exists a 

bounding function p t ( . )  that satisfies the condi- 

tion described by Eq. (6). Then, the system given 

by Eq. (5) is practically stable if the control 
law described by Eq. (8) is applied with the 

assumptions 2.1-2.2, 3.1-3.4 and definition given 

by Eq. (7). 

II (6) 

where ~ ( . ) = h t ( ' )  +3M(')S14.+c~C(')S~qt:. 

e ~ I q u  4v] T (7) 
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f=feql 4- J-tVl,  

wl  
- - ~ p l ( e ) ,  if II wl [[~el 

(8) 
and Vx :-  II * v l  I[ 

--~-lt  pl (e), if II w,  U < 

where f e q , = j - r {  Go( ' )  + M o ( t i v ~ - S ~ v )  

+Co (Clvd--Slfiv) - -Kmfiv (9) 
- K v ~ f i v + J r  (.) f/o }, 

Kl.1, K v I ~ R  6×6, Kel, Kw 
are symmetric positive definite matrices, 

S l=d i ag  ($1i) ~ R  6x6, Sli >0, 

Vs,i{ l o 
] > 0  and Ke~+S~Kv~>0, L 0 Kv~ 

w,( . )  = (4~ +S~q~)v, ( ' ) .  

Proof) If Eq. (10) as the Lyapunov function 
candidate is chosen with control inputs 
described by Eqs. (8) and (9), the rest of the 
proof is identical to the one in Kim et al. (1999, 
2000). 

1 • V~=T(fi~+S~fiv) rM( - )  (6v+S,d.v) 
(10) 

1 r 
4 - ~ ] ~  (K.~+S~Kv~) ~]~. 

Q.E.D. 

If the measurements or estimates of 6 DOF data 
are subject to errors, the control function with the 
inverse of  j r ( . )  is not valid any longer. In this 
case, the control scheme must be accompanied by 
other assumptions: 

Assumption 3.5 There exist a constant k~ such 
that 

[I ~ J r J e  - r  [I-<k,< 1, (1 l) 

where j r(q~,, ~ , ) = j r ( q v )  4 - 3 j r ( S q v  ' S'), q~,= 

q v - S q v ,  and ~qv is a uncertainty in the 
measured or estimated 6 DOF value. 

Assumption 3.6 There exist a constant k2 such 
that 

[I ~dlv4-Szdqv I[<kz [[ fiv4-S2clv II, 0 < k ~ <  1, (12) 

where c~clv is a uncertainty in the measured or 
estimated 6 DOF velocity. 

Remark 3.2 The assumptions 3.5 and 3.6 seem 
to be conservative and restrictive. If the errors in 
measurements or estimates of 6 DOF data cannot 
be bounded, it is impossible to apply the MIMO 
robust control scheme. Later in Sec. 4.1, the 

experimental results show that the measurements 
or the estimates do not violate the assumptions. 
Furthermore, it is confirmed (not shown in this 
paper) that even under intentional perturbation 
of 6 DOF position values by 10% the assumption 
3.5 is still satisfied as shown by the kinematic 
analysis in workspace of the hardware under 
consideration. 

Theorem 3.1 Suppose that the system given by 
Eq. (5) satisfies the assumptions 2.1-2.2, assump- 
tions 3.1-3.6. In addition, suppose that there exist 
the bounding functions Pz( ' )  and P3(')  that 
satisfy the condition given by Eq. (14), and 
constant k3 that satisfies the condition given by 
Eq. (16). Then, the system Eq. (5) is practically 
stable in the domain D r = {  e E R  tz [l[e ]1< r } for 
a given s2 with the robust nonlinear control law 
described by Eq. (15). 

f e ~ = J . - r {  Go( ' )  +Mo(q~,) ( i l w - S z ~ )  

+Co (q~, cl~,) (4va--S2q~,) (13) 
- K m ~ - K r z ~ + J e r  ( ' )  Go } 

where Kez, K r z E R  6×6, Ke2, Kv2, are symmetric 
positive definite matrices, 

S2=diag ($2i) ~ R  6x6, 82i >0, Km+S2Kv'z >0, 

o 
(lv'=(lv-- Sqv, and ~l'v=~lv-- Sdiv. 

~ ( ' )  = h 2 ( ' )  + h 3 ( ' )  + h 4 ( ' )  - 3 J r J e - r v 2  (14) 

where hz (-) = - 3M ( ' )  i l v a -  3C (") ~lvd 
- 8 6 ( . )  _ j r ( . ) 3 G ,  

h3( ' )  = 3M ( ' ) S z 4 v +  3C(')S2Ou, 

h, (") = MoS2 3q v 4- CoS2 3q v - K P 2  $ q  v 

- Kv2 ~dl v -  SJ  rf~q2 (") + 3J  rf l ,  
and ]] h 2 ( ' ) + h 3 ( ' )  +h4( ' ) I I<v2( . l  < v3(,) 

f=fe~z4- Je- rV2, 

p3(e) wz if II w211~2 
J-k3 II w2ll' (15) 

and v2=  
P3 (e) w2 if 11 w~ II < ~ 
l - k 3  e:2 

where w2( ' )  = (~J +82{]~) p3(") and 

kx+2k2+ klk2 
_<&<1. (16) 1+k2 

Proof) Choose Eq. (17) as a Lyapunov function 
candidate. 
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V2 = 2  ((~ u +Szqv) rM (') ((~. + $2(~ u) 
(17) 

1 _ r + ~ v  (K~+S2Kv2) (iv 

The positive definite and decrescent property 

of this candidate function was shown with 

assumption 3.3 in Kang et al. (1996). As a result, 

there exist constants 71, n > 0  such that 71 1] e ll2_ < 

v~_<~.2llelf 2 for Eq. (17). 
Under the assumption 3.4 with addit ional mea- 

surement or estimation error, the system Eq. (1) 

can be recast into 

M ( . ) ~ v + C ( - ) O ,  
= - M0O v a -  C0qua-  G0 + Je f f  (18) 

- J e r f i 0 -  8J  r f  + 8 j  r f :  + h2 ("). 

Then, with the assumption 2.1, 3.1-3.3, the 

skew symmetric property of M - 2 C ,  and control 

input described by Eq. (15) that compensates the 

uncertainties, the derivative of the Lyapunov 

candidate function becomes 

- '  qv S2q. II o[I v~ II, s :~ .  II 0~+ (k,+k,k~+k~)II :' + -' 

• ( / S z K ~  0 3"1 
where 

In the case II w~ I[~E~, Eq. (19) can be C~rther 
developed using Eq. (15) and Eq. (16). 

=-73 e z .  k,÷kzk:+k2+(I+k2)(l-k3)i_k3 II w., II-,_~ ~ II w~ I1 . , . 0_  (20) 

k,+k,k:2k~.-k3(I +k2) 1[ w: ll_<-r~ tlell ~ =-r~/lel[:+ I-k~ 

In the case II w211<62, Eq. (19) can be reduced 
to 

(k~+k, k2+k2-11 [I w211 ~ ¢:~<--r~llell2+fl+ki'llw"ll+ E~.(I-#~! 

( - kl - k]k2 - k2) 
<-~llell~+,l k~IIIw~ll IIw211~} (21) 

" I ¢21,I-k3) (I +k2) 

Subsequently, e2 and ,u(s2) are chosen such that 

e2<27~.72-~.7~.r 2 and ,u(ez)=,/7~-1(ez/2) + h  
for h > 0 ,  

2opyright (C) 2003 NuriMedia Co., Ltd. 

72-<-7311e112+~<0 ,  V~(E)-<fIepI<r  (22) 

Therefore, for any given 62, if/z(e2) <11 e ( to ) [ l<  
72-~(71(r)) ,  then T~a is strictly negative, which 

implies that there exists a finite time tx such that 

and the state stays in the set B r = {  e :ll e ]l<u(~2) } 

after time h (Canudas et al., 1996). Consequently, 

the system response is uniformly ultimately 

bounded via the controller described by Eq. (15), 

which implies practical stability. Q.E.D. 

4. Experimental Results 

In this section, the performance of the pro- 

posed RNTC is investigated with a 6 DOF- 

manipulator in Fig. 4 via experiments. The par- 

allel mechanism consists of six electrical cylin- 

ders (ETS32-B08PZ20-CM A 150-A, Parker Inc.). 

The control law is implemented with a Pentium 

Ill  800 PC-based system that includes motor 

amplifiers (OEM-570T, Compumotor  Inc.), the 

D / A  board for actuators (AT-A0-6 /10 ,  NI 

Corp.),  the encoder board (AT6450, Parker 

Inc.), the 12bit A / D  and D / A  converter (LAB- 

P C + ,  NI Corp.) for the rate transducer (RT02- 

0820-1, Humphrey Inc.). The sampling time for 

the control system is 3 msec. The parameters of 

the parallel manipulator are summarized in 

Table 1. 

Only the length of each cylinder can be readily 

DIA BOAI~) 

MOTION CON'Dt(~ PC lli~F ~ _ ~_ 

III C =  ~ J 

AT6450 

Fig. 4 Control system for a 6 DOF parallel 
manipulator 
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Parameter Description Nominal value Unit 

lmin, / m a x  Minimum/Maximum Stroke of Cylinder 0.365/0.51 m 

m Mass of Upper Plate 24.0 Kg 

I~, I~, Ix  Moment of Inertia of Upper Plate 0.4315, 0.4316, 0.6111 Kg.m z 

RL, Rv Radius of Lower Plate/Upper Plate 0.24, 0.16 m 

measured in this system. Although the rate 

transducer is employed in the experimental study, 

its use is limited to validation when the fidelity of 

angular motion estimates is examined. Therefore, 

the control law described by Eq. (15) moy not be 

directly applied in the task space coordinates. 

This apparent cul-de-sac is circumvented by 

developing an indirect estimation methodology. 

First, the Newton-Raphson method is applied 

to acquire the forward kinematic solutions from 

the actuator lengths. The performance of the 

Newton-Raphson method is excellent with a 

proper choice of the initial condition (Dieudonn 

et al., 1972). An observer (Kang et al., 1998) or 

estimator (Jung et al., 1994) was considered as an 

alternative but was quickly discarded since the 

high gain may result in so-called "peaking 

phenomenon", which may allow the estimates to 

deviate for a short period of time despite good 

overall convergence. Therefore the numerical 

approach is adopted in this paper to produce 

more stable estimates with well-selected initial 

conditions. An alpha-beta-gamma tracker further 

processes the estimates to generate 6 DOF veloci- 

ties and accelerations. The direct derivatives of 

6 DOF signals from instantaneous velocities of 

the actuators and Jacobian may be subject to 

large error due to the measurement noise. The 

sensing and estimation procedure is enumerated 

as follows : 

1) Measure the length of each cylinder. 

2) Use the alpah-beta-gamma tracker for each 

length signal. 

3) Apply the numerical method to obtain a 

forward kinematic solution 

4) Use the alpah-beta-gamma tracker to 

acquire the velocity and acceleration of each 6 
DOF position. 

5) Compute the control inputs with the estima- 

tes. 

Equipped with the estimation methodology, 

experimental results are presented. 

4.1 Estimation of the 6 DOF information 

In this subsection, the performance of the nu- 

merical method and the alpha-beta-gamma trac- 

ker are examined with noisy measurements, which 

is necessary since the resulting estimates deter- 

mines the control inputs to compensate the non- 

linear terms and uncertainties. First, the inverse 

kinematic solutions based on the 6 DOF estimates 

from the numerical method (tolerance : l 0  -7) and 

the tracker are compared to measured dis- 

placements in an effort to verify the performance 

of the above estimation method. Figure 5 shows 

less than 0.1~o errors (normal length 435 ram) 

under a given moving condition (roll (2.0 deg/ 

1.0 Hz), pitch (5.0 deg/0.5 Hz), yaw (2.5 deg/ 

1.0 Hz) and heave (5.0 mm/0.5 Hz) motion), 

which implies that the uncertainties of position 

errors or Jacobian are negligible and assumption 

3.5 is satisfied. Second, the rate transducer (RT 

02-0820-1, Humphrey Inc.) is installed to pro- 

vide a foundation for the comparison between the 

estimated and measured rotational velocities of 

three angular motions. Figure 6 presents the 

comparison between the rate transducer reading 

and the estimated angular velocity under a 

sinusoidal roll motion (5.0 degree and 0.5 Hz), 

which suggests that the estimation scheme can 

produce the derivatives of motion signals without 

complicated calculation on the kinematic rela- 

tion. It should be noted that the unavailability of 

the corresponding sensors does not allow the 

same type of comparison to be made along the 

translational direction. Still, the proposed 

approach can be extended to produce accurate 

estimates of the linear motions. 
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kinematic solutions from the estimated 6 

DOF data based on the numerical method 

laid conlTol ler  w i th  feed fonva rd  fr ict ion c o m l ~ n s a t i o n  
- -  - -  PID controller 
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Comparison between the PIDFFC and the 

PID only under a roll motion (5.0 deg/0.5 

Hz) 
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0 .  

0 

Fig. 6 

-- -- Rale  t randuce r  s ignal  E s l i m a m d  signal 

Time [secl 

Comparison between the measured and the 

estimated signals by the tracker under a roll 

motion (5.0 deg/0.5 Hz) 

4.2 Control  performance 
This subsection presents the performance of 

the proposed robust nonlinear task space control 

(RNTC) strategy with the estimates of  6 DOF 

signals obtained in the previous subsection. The 

feedforward friction compensation in the equiva- 

lent control input utilizes the friction charac- 

teristics (Coulomb and viscous frictions) of each 

actuator, which have been previously shown in 

Park (1999) (The Coulomb and viscous friction 

are in the ranges; 32--88 N and 478--778 N / ( m /  

see), respectively. The scale factor is 267 N/vol t ) .  

A proportional-plus-integral-plus-derivative 

controller with feedforward friction compensa- 

tion (PIDFFC)  and the nonlinear controller with 

feedforward friction compensation ( N C F F C  ; 

Eq. (13)) are also applied primarily to provide a 

benchmark. It should be noted that the PID 

control scheme could be a practically attractive 

alternative by virtue of the simple structure and 

easy implementation. However, the performance 

of the PID control without friction compensation 

degrades drastically in the system under con- 

sideration as shown in Fig. 7. Therefore, the PID 

control strategy with feedforward friction com- 

pensation (PIDFFC)  is implemented in order to 

compare the PID control scheme and the robust 

nonlinear control scheme or a fair basis. 

The P IDFFC gains KPgaln, KLgaln, KDgaln are 

tuned to be 100, 800, and 20, respectively. The 

control gains for the RNTC and the N C F F C  

are : 

K~ = 1 x 10 5. 

K e =  1 x 10 4. 

0.304 0 0 0 0.0156 

0 0.304 0 -0.0094 0 

0 0 2.5 0 0 

0 -0.0094 0 0.0208 0 

0.0156 0 0 0 0.0347 

0 0 0 0 0 

-0.135 0 0 0 0.009 

0 0.27 0 -0.009 0 

0 0 2.03 0 0 

0 -0.009 0 0.02 0 

0.009 0 0 0 0.02 

0 0 0 0 0 

0 

0 

0 

0 

0 

0,0139 

0 

0 

0 

0 

0 

0.002? 
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10.0 0 0 0 0 0 

0 10.0 0 0 0 0 

0 0 10.0 0 0 0 
82 = , and ~2=0.5. 

0 0 0 10.0 0 0 

0 0 0 0 10.0 0 

0 0 0 0 0 10.C 

The initial values of the control gains are based 

on the PID gains through the kinematic relation 

between the joint space coordinates and the task 

space coordinates. Then, the initial proportional 

and derivative gain matrices for the RNTC or the 

NCFFC are tuned by experimental trade-off. 

It is easy to check that the matrices satisfy 

the positive definiteness condition in Lemma 3.1 

and Theorem 3.1. Although the RNTC and the 

NCFFC gains seem much higher than those of 

PIDFFC,  they are not actually, in that the control 

forces of the RNTC are calculated on-l ine from 

the gain matrices and Jacobian. 

Figures 8-- 10 show that the RNTC has superior 

overall tracking performance for a given roll 

motion (5 deg/0.5 Hz) than the PIDFFC and the 

NCFFC despite slightly worse performance along 

the command direction. This seemingly unexpected 

behavior can be explained by noting that the 

RNTC and the NCFFC aims to control along all 

directions in the task space, while the PIDFFC 

simply tracks the desired lengths along a given 

direction. In other words, the PIDFFC does not 

take into account the sensitivity of 6 DOF dis- 

placements on length variation, that is, Jacobian. 

~ . 0 j  ~ Rol l  - - - P i tch  . . . . .  Y a w  
] 

0 t 2 3 4 5 

3 ~  

' - t l  V ,  _ _  . . 

0 1 Z 3 4 5 

t i r r ~  lsecl 

Fig. 8 6 D O F  m o t i o n  errors t h r o u g h  the P I D F F C  

under  a roll m o t i o n  (5.0 deg/0 .5  Hz) 

3opyright (C) 2003 NuriMedia Co., 

Therefore, the actuator may cause the relatively 

large undesired motions along other directions 

with negligible effect on the main motion. It 

should also be noted that the integral action in 

PIDFFC decreases the length errors in a low 

velocity range by virtue of its effectiveness under 

the friction environment. However, the proposed 

RNTC and the N CF F C  based on the propor- 

tional-plus-derivative control fails to derive the 

errors to zero because the feedforward friction 

compensation does not perform well due to stick- 

slip property even though the friction uncertainty 

is explicitly considered during control design. 

In general, the overestimated uncertainty during 

control design result in larger control gains which 

may cause undesirable chattering. The above 

discussion motivates the development of more 

' L ° l k l  Ro l l  - - - P i tch . . . . .  Y a w  

o.o ~. :, .,..~.~,~ .~.,-~.;. • . 

-0.5 

0 1 2 3 4 5 

] S u r g e  - - - S w a y  . . . . .  Heave 

°.,1 . . . . . . .  " , . , 

0 1 2 3 4 5 

T ime  [sec] 

Fig. 9 6 D O F  m o t i o n  errors t h r o u g h  the N C F F C  

under  a roll mo t ion  (5.0 deg/0 .5  Hz) 
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,,n, 

4) 5 . ,  . ; ~ • ~ • ; . ; 
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l 

Fig. 10 6 D O F  mo t ion  errors t h r o u g h  the R N T C  

under a roll motion (5.0 deg/0.5 Hz) 
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2 t Ro l l  - - - P i t ch  . . . . .  Y a w  . 

1 . " +  . " .  . " ' :  . " .  : " .  
: ". • , ~. - . ., 

~-, 

0 1 2 3 4 5 

v- - . .  , - . - -  . ,  

' " : : t \  . . . . . . . . .  
0 1 2 3 4 5 

T ime  [sec] 

Fig. 11 6 DOF motion errors through the PIDFFC 
under roll (2.0 deg/1.0 Hz), pitch (5.0 deg/ 
0.5 Hz), yaw (2.5 deg/I.0 Hz) and heave 
(5.0 ms/0.5 Hz) motions 

i Ro l l  - - - PP, c h  . . . . .  Yaw 

~ - i  2 /  - "~ ~ - "  " : ' :  ' "  " :  - 

-2 
0 1 2 3 4 5 

2 t  ~ u r ~ e  - - - ~14P,/ay . . . . .  Heave 

0 I 2 3 4 5 

Time lsecl 

Fig. 12 6 DOF motion errors through the proposed 
NCFFC under roll (2.0 deg/l.0 Hz), pitch 
(5.0 deg/0.5 Hz), yaw (2.5 deg/l.0 Hz) and 
heave (5.0 ms/0.5 Hz) motions 

refined control strategy to minimize the effect of  

dry friction, which is the topic of future research. 
Figures 11--13 show tracking errors under the 

sinusoidal inputs along four directions ; roll (2.0 

deg/1.0 Hz), pitch (5.0 deg/0.5 Hz), yaw (2.5 

deg/ l .0  Hz) and heave (5.0 m s / 0 . 5  Hz) motion. 

In contrast to one directional command, the 
RNTC shows tracking performance superior to 

those of the N C F F C  and the P I D F F C  along all 
6 DOF directions. The RNTC's  superior per- 

formance stems from its task space based design, 

cancellation of nonlinearities: the inertia force 

2 ] . R o l l -  - - P i t ch  . . . . .  Yaw 

1 

0 '1 2 3 4 5 

: ]  S u r g e -  - - S w a y  . . . . .  Heave 

g'0 . .  

o I 2 T i m e  [ sec ]  3 + s 

Fig. ]+3 6 DOF motion errors through the proposed 
RNTC under roll (2.0 deg/].0 Hz), pitch 
(5.0 deg/0.5 Hz), yaw (2.5 deg/l.0 Hz) and 
heave (5.0 mm/0.5 Hz) motions 

for a given acceleration, the gravitational force, 

the Coriolis and centrifugal forces in Eq. (13), 

and the consideration on the system uncertainties 

(modeling errors, frictions, etc). The maximum 

translational error of the RNTC is smaller 

than --+0.4 mm, while those of the P I D F F C  and 

the N C F F C  are larger than -+ 1.0 mm and --+0.5 

ram, respectively. The maximum rotational error 

of the RNTC falls below ___0.3 deg, while those of 

the P I D F F C  and the N C F F C  exceed -4-1.5 deg 

and -+0.4 edg, repectively. Overall the RNTC 

outperforms the P I D F F C  and the N C F F C  under 

the input with mult i-direct ional  high frequency 

components. 

5. Conclusions 

A robust nonlinear task space control strategy 

based on the Lyapunov redesign methodology is 

proposed and implemented for a 6 DOF parallel 
manipulator. The Newton-Raphson method and 

the a lpha-be ta-gamma filtering algorithm are 

employed in order to realize the proposed control 

scheme without direct measurements of 6 DOF 
information. The former helps to solve the in- 

stantaneous forward kinematic equations and the 

latter provides a simple route to state estimates 
without an explicit plant model. The experimental 

results under several sinusoidal commands show 
that the RNTC has excellent tracking perfor- 
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mance under nonlinearity and parameter uncer- 
tainties that are not taken into consideration in 

the dynamic model of the parallel manipulator. 
Moreover, the task space control strategy is 

shown to outperlbrm the SISO control scheme 

under severe nonlinearity, which implies its 

viability in a real-world application. 
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