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Identification of Motion Platform Using the 
Signal Compression Method with Pre-Processor and Its 

Application to Siding Mode Control 
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In case of a single input single output (SISO) system with a nonlinear term, a signal 

compression method is useful to identify a system because the equivalent impulse response of 

linear part from the system can be extracted by the method. However even though the signal 

compression method is useful to estimate uncertain parameters of the system, the method cannot 

be directly applied to a unique system with hysteresis characteristics because it cannot estimate 

all of the two different dynamic properties according to its motion direction. This paper 

proposes a signal compression method with a pre-processor to identify a unique system with two 

different dynamics according to its motion direction. The pre-processor plays a role of 

separating expansion and retraction properties from the system with hysteresis characteristics. 

For evaluating performance of the proposed approach, a simulation to estimate the assumed 

unknown parameters for an arbitrary known model is carried out. A motion platform with 

several single-rod cylinders is a representative unique system with two different dynamics, 

because each single-rod cylinder has expansion and retraction dynamic properties according to 

its motion direction. The nominal constant parameters of the motion platform are 

experimentally identified by using the proposed method. As its application, the identified 

parameters are applied to a design of a sliding mode controller for the simulator. 

Key Words:Identif icat ion,  Motion Platform, Single Rod Cylinder, Expansion and Retraction 

Dynamic Properties, Signal Compression Method, Sliding Mode Control 

1. Introduction 

A single-rod cylinder has been widely used as 

an actuator of 6-DOF parallel motion platform 

reappearing a vehicle or an airplane motion 

because it is longer in stroke and smaller in size 

than a double-rod cylinder. The structure of a 

* Corresponding Author, 
E-mail : mclee@ hyowon.pusan.ac.kr 
TEL: +82-51 510 2439;FAX:+82-51-512-9835 
Professor, School of Mechanical Engineering, Pusan 
National University, Pusan 609-735. Korea. (Manus- 
cript Received December 5, 2001;Revised August I, 
2002) 

motion platform generally consists of a 6-DOF 

parallel manipulator, which is called Stewart 

platform (Stewart 1966). The platform is a closed 

loop form. It provides better load-to-weight ratio 

and rigidity than a serial manipulator. However, 

it is difficult to analyze dynamic properties of a 

motion platform because of non-linearity of its 

actuators caused by a difference of a volume 

according to each chamber. Many other res- 

earches for the identification of linear system have 

been carried out by using a least square method, 

an adaptive filter, and so on (Widrow and 

Stearns 1985 ; Masui et. al., 2000 ; Zou and Chan 

1999). However, it is hard to apply these methods 
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to a nonlinear system, because these algorithms 

were based on a linear system (Lee and Aoshima 

1989). In case of a single input single output 

(SISO) system with a nonlinear term, a signal 

compression method is useful to identify a system 

because the equivalent impulse response of linear 

part from the system can be extracted by the 
method (Lee and Aoshima 1989: Yang et. al., 

1998). However even though the signal compres- 

sion method is useful to estimate uncertain 

parameters of the system, the method cannot be 

directly applied to a unique system with hysteresis 

characteristics because it cannot estimate all of 

the two different dynamic properties according to 

its motion direction. Therefore, it is also difficult 

the signal compression method to identify a sys- 

tem with hysteresis characteristics such as a 

motion platform with several single-rod cylinders 

because each single-rod cylinder includes expan- 

sion and retraction dynamic properties according 

to its motion direction. 

This paper proposes the signal compression 

method with a pre-processor to identify the sys- 

tem with hysterisis dynamics. The pre-processor 

plays a role of separating expansion and retrac- 

tion properties from a system with hysteresis 

characteristics. To evaluate the proposed method, 

computer simulation for estimating parameters of 

the known system is carried out by using the 

proposed method. Identification of the 6-DOF 

parallel motion platform is experimentally carried 

out. As its application, a sliding mode controller 

is designed on the basis of the identified model 

of the platform. Sliding mode control algorithm is 

very effectively used for a nonlinear system, be- 

cause this is robust against parameters and load 

variations (Lee et. al., 1998 ; Slotine 1985 ; Has- 

himoto et. al., 1987). The performance of the 

designed sliding mode controller is experiment- 

ally evaluated. 

2. S i g n a l  C o m p r e s s i o n  M e t h o d  

2.1 Signal compression method 
An ideal impulse signal for identifying a system 

has flat power spectrum in a wide frequency 

range. However, it is difficult to apply an impulse 

signal to real system because the magnitude of the 

signal is infinite and the period is very short. To 

solve these problem, an equivalent impulse signal 

is generated by using the signal compression 

method. The equivalent impulse has a flat power 

spectrum in a desired frequency range (Lee and 

Aoshima 1989). The equivalent impulse signal is 

transformed by the Fourier transform. After the 

signal in frequency domain passes through a 

mathematical phase-shift filter, the signal has a 

constant power and phase delay. If this signal in 

the frequency domain is transformed into the time 

domain through the inverse Fourier transform, 

the transformed signal called as test signal have a 

low amplitude and is lasted for a long time, as 

shown in Fig. 1 (Lee and Aoshima 1989; Yang 

et. al., 1998). Therefore, the test signal is able to 

be applied to a real system in order to estimate 

uncertain parameters. A response obtained by 

supplying the signal to the system is compressed 

through fast Fourier transform (FFT) ,  inverse 

phase-shift filter, and inverse fast Fourier trans- 

form ( IFFT) .  In this compression process, 

equivalent impulse response for a linear element 
can be indirectly obtained, because of being able 

to separate a linear element from the system with 

a nonlinear element. These processes are known 

as a signal compression method (SCM). Figure 2 

is a general schematic diagram of the signal com- 

pression method (Lee and Aoshima 1989 ; Yang 

et. al., 1998). 
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Fig. 1 Test signal 
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Fig. 2 Block diagram of signal compression method 

2.2 Signal compression method with pre- 
processor 

The signal compression method cannot be di- 

rectly applied to a unique system with hysteresis 

characteristics because the dynamic models of 

expansion and retraction motion are different. 

Therefore, in case of this system, each dynamic 

model of the system must be obtained respec- 

tively. Therefore, this paper proposes the signal 

compression method with pre-processor able to 

separate each dynamics from two different dyna- 

mics. This method appends pre-processor to the 

signal compression method. The main function 

of the pre-processor is to separate expansion 

and retraction properties from a unique system. 

Increasing and decreasing parts of the test signal 

will cause the expansion motion and the retrac- 

tion motion in the system, respectively. Therefore, 

the expansion and the retraction element can be 

separated by the sign of the derivative value of 

output signal. The sign of the derivative value for 

the expansion element is positive. The sign of that 

for the retraction element is negative. 

Figure 3 shows the flow of the signal compres- 

sion method with pre-processor. First, the im- 

pulse signal is transformed into the test signal of 

the SCM through the Fourier transform, the 

mathematical phase shift filter, and the inverse 

Fourier transform. The test signal is used as the 

reference trajectories which is applied to a unique 
system with two different dynamics according to 

its motion direction. The output signal of the 

system is measured by using sensor as shown in 

[Step 3] of Fig. 3. This signal shows that the 

expansion properties of the system are different 

tYom the retraction properties. Second, for separa- 
ting the expansion elements and the retraction 

test signal 

ISleD 1 ] 

~7 
[Step 2] [ SYSTEM 

[Step 3] 

result 'i~' i i 
retraction 
elements 

Upper parts "i "I 

j , I ' 

origin removal recover origin removal recover 

[Step 6] 

Signal ! I Signal I [Step 7I i compression compression I 

i~Estimatlon [Step 8] ' Estimation 

Fig. 3 Flow of the signal compression method with 

pre-processor 

elements from the output signal, the datum line is 

necessary. Therefore, a center line of the output 

signal is used as the datum line. The signal is 

separated into upper and lower part from the 

center line as shown in [Step 43 of Fig. 3. 

Both the expansion elements and the retraction 

elements exist in upper parts as shown in origin 

process of [Step 5]. For  getting the dynamic 

properties of the expansion elements, the retrac- 

tion elements should be removed in upper parts to 

extract only the expansion elements as shown in 

removal process of [Step 5]. The signal generated 

by this process is discontinuous because of the 

removed parts. Therefore, for overcoming dis- 
continuous signal, the removed parts can be 

recovered by folding signal of expansion elements 
on the basis of vertical symmetric axis. This 

process is shown as recover process of [Step5] of 

Fig. 3. The signal recovered by this process is not 

retraction elements of the system. This has the 
same properties as the opposite sides of the 
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expansion elements. In the lower parts, the same 

method is applied, this process is called the pre- 

processor. This method is applied to the whole 

range of upper parts and lower parts, respectively. 

After this procedure, the expansion dynamic 

elements only exist in the upper parts and the 

retraction dynamic elements only exist in the 

lower parts. Third, the equivalent impulse res- 

ponses for a unique system with expansion and 

retraction dynamics are obtained by the signal 

compression process. By using the obtained equi- 

valent impulse response, the unknown parameters 

of the linear part can be estimated. By comparing 

Bode plot of the transfer function of a model with 

that obtained from the equivalent impulse res- 

ponse of linear components, a natural frequency 

and a damping coefficient are estimated. Then, for 

better estimation, the cross-correlation between 

the impulse response of an assumed model and 

the equivalent impulse response obtained from a 

real system is used. The uncertain parameters 

such as natural frequency and damping coefficient 

of 2nd order system are continuously renewed 

when the obtained impulse response is closest to 

the impulse response from the assumed model. 

Finally the uncertain parameters are estimated 

when the cross-correlation is biggest. 

The system which includes two different 

dynamic properties according to its motion direc- 

tion can be identified by this procedure. 

2.3 Eva lua t ion  in s imulat ion  

To evaluate the performance of the proposed 

method, a simulation to estimate the assumed 

parameters for an arbitrary known model is car- 

ried out. 

The dynamic properties related to the expans- 

ion and retraction of model 1 are set to same 

values. The properties of model 2 and model 3 are 

set to different values, respectively. The selected 

models are listed in Table I. Figures 4-- 10 show 

the estimation results for model 3. Figure 4 is the 

output signal from the model 3 when the test 

signal is supplied to the model. Each dynamics 

for the expansion and retraction motion is se- 

parated by the pre-processor as shown in [step 5] 

of Fig. 3. The separated signals are transformed 

into the equivalent impulse response by using the 
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Table 1 The parameters to be estimated by the signal compression method with pre-processor 
(cox " natural frequency, ~" " dam ping coefficient) 

Estimated values Estimated values by 
Model True values 

No. Characteristic (0~n, ~') by the proposed method SCM 
(oJ., ~') (oJ., ~'/ 

14.0, 0.60 15.0, 0.60 expansion 

retraction 

expansion 

retraction 

expansion 

retraction 

14.0, 0.60 

15.0, 0.58 

13.0, 0.66 

16.5, 0.65 

14.0, 0.72 

15.0, 0.60 

16.0, 0.60 

13.5, 0.65 

16.5, 0.60 

14.5, 0.70 

13.8, 0.50 

14.0, 0.55 

14.6, 0.65 
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Bode plot of expansion dynamics 

signal compression process. The element con- 

tributed by the nonlinear component is also re- 

moved from the equivalent impulse response 

through a rectangular time window (0~7sec) as 

shown in Figs. 5 and 6. In this paper, the equiva- 

lent impulse response is called as the pulse re- 

sponse. By comparing the Bode plot of the model 

transfer function with the plot obtained from the 

pulse response of linear components, the natural 

frequency and damping coefficient are estimated 

as shown in Figs. 7 and 8. Bode plot of the pulse 

response from linear components and that of the 

estimated model are presented by a solid line 
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Bode plot of retraction dynamics 

and a dotted line, respectively, as. shown in Figs. 

7 and 8. The response of the model through the 

proposed method is very close to the response of 

the model 3 as shown in Fig. 4 and Fig. 9. 

However, the response of the model by the signal 

compression method without pre-processor is 

different from the that of the model 3 as shown in 

Fig. 10. 

The unknown parameters are estimated by the 

proposed method. Table 1 shows the true values 

and the estimated values of the selected models. 

The performance of SCM is similar to that of 

SCM with pre-processor of which the parameters 
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related to the expansion and retraction are same 

(Model 1). However, in case of a unique system 

with two different dynamics according its mo- 

tion (Model 2 and 3), the performance of the 

proposed method is much better than that of SCM 

as shown in Table 1. In case of Model 2, the 

estimated damping coefficient error by the pro- 

posed method is 0.02. However, that by the SCM 

is 0.11. Also, in case of Model 3, the estimated 

natural frequency error is 0.5, whereas that by the 

SCM is 1.9. Therefore, it is verified that the 

proposed method is valid for identifying a unique 

system with two dynamics. 

3. Identification of  Motion Platform 

3.1 Modeling of stewart platform 

The linear motions consist of longitudinal 

(surge), lateral (sway), and vertical (heave) 

motion. The angular motions are described by 

Bryant angles whose rotational sequences are x, 

y, and z axis. Here, q is set as the 6 DOF 

coordinate vector with surge (u) ,  sway (v), 

heave (w), roll (a),  pitch (/3), and yaw (T)- 

This vector is presented by 

(1) q = [ u ,  v, w, a, B, ~']~ 

Figure 11 shows the developed 6-DOF parallel 

motion platform with six single-rod cylinders and 

40  

-80 

Fig. 10 

J 
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Time (sec) 

Response of identified model by the SCM 

Fig. 11 Motion simulator with 6 single rod cylinders 

the vehicle operating system (Lee et. al., 1999). 

Figure 12 shows the coordinates and notations of 

the Stewart platform. The coordinates are an 

inertial frame and the moving frame attached to 

the upper plate. The inertial frame { B } (xb, Yt,, 

zs) is fixed at the base plate, and the moving 

frame { P }(xp, yp, zp) at the upper plate. If the 
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Fig. 12 Coordinate system of Stewart platform 

rotational transformation matrix and the linear 

vector are presented by ~R and Ba, respectively, 

the length vector (l~) of the ith joint  is written as 

l~ = Bq~ = B e -  Bb~ + ~RPm (2) 

where, 

Gc, - s ,  cp C~ ] 
~R= C,S~S~+C~S~ - S~S,S~+C.C~ - S~Cp 

-C,C~S~+ S~S, CoS~S~+ S~C, C,C~ J. 

Thus, the cylinder lengths are computed by 

using the given position and orientation of  the 

platform. This method is called the inverse kine- 

matics of a Stewart platform. Solving the forward 

kinematic problem is not easy, because the solu- 

tion of this problem can be analytically presented 

as the roots of 16-th or 40-th order polynomial,  
and not unique (Nair and Maddocks 1994). There- 

fore, numerical method such as the Newton- 

Rhapson method is widely used in order to solve 

the forward kinematics. 

The dynamic equation of the Stewart platform 

considering all inertia effect is difficult to derive. 
Lebret derived the dynamic equation using the 

lift 

Pt 
01 

Fig. 13 Servovalve controlled single rod cylinder 

Lagrange method and virtual work principle 

(Lebret et. al., 1993). This equation can be writ- 

ten as 

Mp(q)?t"+Cp(q, q) L l+Ge(q)=JrUP (3) 

where, Me(q) E R  ~×6 is the inertia matrix, Ce 

( q ) ~ R  6×6 corresponds to the centrifugal and 

Coriolis forces matrix, GP (q) ~ R  ~×1 is the gravi- 

ty force vector, ] ( q ) ~ R  6×~ is Jacobian matrix, 

and U P ( q ) ~ R  6×1 is cylinder force vector. The 

detailed expressions of all terms of Eq. (3) are 

listed in the appendix. After algebraic operation 

such as q = ]  -1[ and a kinematic transformation, 

Eq. (3) can be expressed as 

l~p(q) "['+Cp(q, L1) l + C p ( q ) = U e  (4) 

where, l=[11, lz, 13, 14, 15, 16] r is a vector of 

cylinder length, 

Me  (q) = j - r  (q) M (q)J -~  (q) 

Ce(q,  (1)=]-r (q)M(q) f f~-J-~(q)  

+ ] - r ( q )  C(q, (l)]-a(q) 
~ p ( q )  = ] - r  (q) G(q).  

The dynamics of single-rod cylinder is con- 
sidered. Figure 13 represents a servovalve con- 

trolled cylinder. Applying the generalized flow 

continuity equation and the linearlized flow 

equation of servovalve, an expanding dynamic 

equation and a retracting dynamic equation are 

expressed as 
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P1 = (If() eRok,x,o - K~RoAx i + Vx pl  
/~" (5) 

P2= - ( K 2  e) 2 Rok~x,~ + Kz~ R o A e l - ~  Pe 
I T  

P~= -- ( K[) ZRok~x,~ + K[  RoAll  + ~ P l  
(6) 

Pe = ( KZ ) 2 Rok,xsv- KZ R o A j -  ~a- P2 
pe 

where, Px and P2 are the pressure of each 

chamber, K( ,  Kz e, K [ ,  and K I  are the linearized 

coefficient constants for finite cylinder velocity, k~ 

and R0 are flow gain and resistance, respectively. 
xsv and /~e a r e  the spool displacement and the 

effective bulk modulus of the fluid, respectively 

(Watton, 1989). 

The effective bulk modulus of the fluid is much 

larger value than other constant parameters. 

Therefore the pressure variation terms of  Eqs. (5) 

and (6) are negligible. So, these equations can be 

rewritten as 

PI= (K{) e R o k i x , ~ - K ( R o A l i  

P2 = -  (K~)eRok ,x ,o+ Kz~RoA2 i (7) 

]91 = -- (K] )  2 Rokixsv + K (  R o A l  i 
e rR A i (8) P z =  (Ka)  R o k i x ~ - I G .  o 2 . 

Assuming the Stewart platform dynamics acts as 

an additional term to the cylinder model, the 

expanding and the retracting dynamics are 

obtained such as 

MAi'+ C J  + Ue=P~A~- PeA2 (expansion) (9) 
= PzAe-  P~A~ (retraction) 

where, MA is the summation of equivalent masses 

of all the translational part of  the cylinder, CA is 

the equivalent damping coefficient, and Up is 
defined as Eq. (4). Therefore, the nominal dyna- 

mic equation of the Stewart platform system 

including the manipulator and cylinder dynamics 

is obtained such as Eqs. (10) and (11) from Eqs. 
(4) and (9). The Eq. (10) is the expansion 

dynamics and the Eq. ( l l )  is the retraction 

dynamics. 

(file(q) +MA) l+(Ce(q, q) +CA+Ce) /+C(q) (10) 
= Kexsv 

Table 2 Parameters of the servovalve controlled 
hydraulic cylinder 

Parameter 

Servo Amp. 

Torque motor gain 

Cylinder Area 

Flow coefficient 

Pressure coefficient 

Flow gain 

Value 

ka 10 mA 

kt 0.000004064 m/mA 

A1 0.0013 m e 

Az 0.000641 m 2 

t(21 10.8811 

K~l [ 0.7462 

Ke2 0.4494 

Kr2 0.3806 

k~ 23.44 

(,~I,, (q) +MA) "[+ (~,,(q, q) + CA+ C,) i+ ~(q) (11) 
= Krxsv 

where, parameters are as follows: 

K2 = ( Kf) 2 RoK,41 + ( K2 e) 2 Roku42 

C e = K ~ R o ( A 1 )  e + K~eRo(Ae) 2 

Kr = (K() eRoka41 + (K~) eR0ka/t2 

Cr = K(Ro (At) 2 + KerRo (A2) 2. 

The relation of between input current of 

servovalve (i) and spool displacement (Xsv) is 

approximately expressed as 

xs~=kti (12) 

where, kt is the torque motor gain of servovalve. 

And, the servovalve amplifier equation is also 

approximately written by 

i=kaVe (13) 

where, ka is a servo amplifier gain and Ve is an 

input voltage. 
Therefore, the simplified dynamic equation of  

this system is rewritten by 

Mr (q )  [+CE(q, O) [+Gr(q)  =KeK,~V, (14) 

Mr (q )  [ + C R ( q ,  q) [+Gr(q)  =KrKsoV, (15) 

where, Mr = (Me+MA) ,  CE = (C~,+CA+Ce), 
CR=(ff, p+CA+Cr) ,  Gr=Ge(q) ,  and 

Ksv = ktka. 
After separating the linear elements and the 

nonlinear elements from Eqs. (14) and Eq. (15), 
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these equations can be expressed as 

Mr£i'+ cr£l + tF=KKs¢ Ve 

f Ce£ if expanding stroke 
Cr, 

CeL if retraction stroke 

f ~E if expanding stroke gr 
L ~R if retraction stroke 

j" Ke if expanding stroke 
K 

L Kr if retraction stroke 

(16) 

where, MrL, C~£, and CRL are the summation of 

all linear terms in Mr, Cr,  and Ca, respectively. 

The perturbation terms ~e and ~R, which are the 

summation of the nonlinear terms and uncertainty 

terms among inertia moments, the Coriolis and 

centrifugal force, the gravity force, the friction 

force and the disturbance are expressed as 

6 6 

~'E,~ = 5-], (Mr(j, k)'l'k)+X(AMr(j, k)lk) 
k = l d ~ k  k=l 

6 (17) 
+ ~, (Ce(j, k)ik)+AC~,~+Gj+AG~+d~ 

k=l,J~-k 

6 6 

~R,J = X (mr(j, k)'l'h)+~](Amr(j, k)lh) 
k=l , j~k  k=l  

o (18) 
+ ~ (CR(j, k) i~) +ACRa+Gj+AGj+dj 

k = l , j~ k 

where, 'A'  is the uncertainty term and d~ is the 

disturbance term. 

3.2 E s t i m a t i o n  o f  u n c e r t a i n  p a r a m e t e r s  

To estimate the uncertain parameters (MrL and 

CrL) of the motion platform in Eq. (16), the test 

signal in Fig. 1 is supplied through the D / A  

converter. The length of the cylinder moving 

according to the supplied test signal is detected by 

linear differential transducer and A / D  converter. 

The output signal is shown in Fig. 14. It is shown 

that the dynamic properties in expansion and 

retraction motion are different from each other. 

To identify the system dynamics, the signal is 

separated in the expansion and retraction motion 

such as shown in simulation. The separated ex- 
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pansion and retraction signals are changed into 

pulse responses through the signal compression 

process which consists of  the F F T  algori thm, the 

mathematical  inverse phase-shift  filter in the fre- 

quency domain,  and I F F T .  The element con- 

tributed by the nonl inear  component  is removed 

from the pulse response. Figures 15 and 16 show 

each pulse response from the expansion motion 

and the retraction one, respectively. By compar ing  

Bode plot o f  the transfer function from a model  
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0 1 1 0  1 0 0  1 0 0 0  

Frquenoy (radisec) 
Fig. 17 Bode plot of expansion 

with that obtained from the pulse response, natu- 

ral frequency (co,) and damping coefficient (~') 

are estimated as shown in Figs. 17 and 18. As 

these processes are applied to all of  the cylinders 

of  the mot ion platform, the natural  frequency 

and damping coefficient of  each cylinder are ob- 

tained. Therefore,  uncertain parameters (MrL and 

CrL) of  Eq. (16) are obtained by the natural 

frequency and the damping coefficient. The linear 

c lose - loop  system of the mot ion plattbrm is 

expressed as 

L ( S ) KpK~ oK 
G c -  Ve (S) - -  MrLS2 + CrLS + KpKsoK . (19) 

And, the linear c lose - loop  system of  the general 

mass -damper  system is defined as 

Gc - (20) 
$ 2 + 2  ~'co.S+ co~ . 

So, the equivalent  mass and damping  coefficient 

of  each cylinder is calculated as 

K~K~oK 
MTL-- COZ , CrL=2~,/KpK~oKMrL (21) 

where, Kp is propor t ional  control  gain. 

Table  3 shows the estimated equivalent  mass 

and damping coefficient of  each cylinder. 

2 0  - N.tur~ ~ - Z3~ 
Dsmping rstlo - 0.8 

~ -20 Q 
"o 

e .  4 0  
I 

-6O 
Reel syslem 

Ellmatlon from SCM w~h r 

- 8 0  . . . . . . . .  I . . . . . . .  '1 . . . . . . . .  I . . . . .  " }  

0 1 1 0  1 0 0  1 0 0 0  

Frquenoy (rad/stm) 
Fig. 18 Bode plot ot" retraction 

Table 3 Estimation result tbr the motion platform 

Cylinder 
Direction 

No. 

expansion 
1 

retraction 

expansion 
2 

retraction 

expansion 
3 -- 

retraction 

expansion 
4 

retraction 

expansion 
5 

retraction 

expansion 

retraction 

COlt, 

15.4, 3.7 

13.2, 9.8 

15.2, 3.7 

13.0, 3.8 

15.2, 9.7 

13.2, ~).8 

15.4, ).7 

13.4, 0.8 

15.6, 0.7 

13.4, 0.8 

15.2, 0.7 

13.0, 0.8 

MrL (kg), CrL (kg/s) 

92.6, 1997. 2 

90.4, 1909. 9 

95.1, 2032. 5 

93.2, 1939. 3 

95.1, 2032. 5 

90.4, 1909. 9 

92.6, 1997. 2 

87.8, 1881. 4 

90.2, 1971. 6 

87.8, 1881. 4 

95.1, 2032. 5 

93.2, 1939. 3 
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Fig. 19 

Figure 19 shows the output result from the 

identified model when the test signal is supplied 

to the model. It is shown that the output signal 

from the identified model in Fig. 19 is similar to 

that from the real system in Fig. 14. Therefore it 

is verified that the proposed method can be used 

for estimation of the unknown parameters even 

though the system has two different dynamics. 

4. Application to Sliding Mode Control 

4.1 Design of sliding mode controller in 
joint-axis 

A real-time control system was developed for 

position control of the Stewart platform. The 

schematic diagram of the control system is shown 

in Fig. 20. The control board is composed of a 

microprocessor and peripheral circuits with a 

DIO (digital input and output), an ADC (analog 

to digital converter), a DAC (digital to analog 

converter), a serial communication circuit and 

timers as shown in Fig. 21. The micro-processor 

of the control board is 80C196KC. For improving 

computational ability, one micro-processor con- 

trois two cylinders. Hence, the motion controller 

is composed of three control boards. The dynamic 

system regarding nonlinear terms such as distur- 

bance and perturbation can be represented by 

Eq. (16). The parameters of this equation were 

estimated by the proposed signal compression 

i 

Prolector 

.I "n l 
L Control = 
~ Controller 

Displacement Sensing Signal =[ ~ ] 

Fig. 20 Block diagram of control system 

!iiiii:i!i! ilii!i ~ i!i. ~ !:i H • ~ 

..............:.....:.:+:.:. :.:.: 

Fig. 21 Schematic diagram of motion control board 
based on 80C196KC 

method with pre-processor. 

The hydraulic motion platform is a complex 

nonlinear system. Therefore, a control perform- 

ance is not so good by using a classical control 

algorithm such as PID controller. Sqding mode 

control is very attractive method for nonlinear 

systems. It has been confirmed as a control ap- 

proach for nonlinear systems being robust against 

parameters and load variations. Therefore, sliding 

mode controller is designed and applied to the 

hydraulic motion platform. Let the desired length, 

velocity, and acceleration of the i- th cylinder be 

denoted by la,~, [aj, and [aj  respectively, and the 

corresponding measured quantities denoted by [~, 

i~, and ]j respectively. The errors are defined as 
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e~=6--ld,~, g~=L-i,~,s, and e~=t'~'--[a,~ (22) 

The sliding surface (s~) is defined as 

s s = ~ + c ~ e j  j = l ,  2, ..., 6 (23) 

where the positive constant c~ is the desired con- 

trol bandwidth. Let the time derivative of the 

Lyapunov function candidate be given by s,~<0 

to satisfy the boundary layer attraction condition. 

When the unmodeled nonlinear terms are re- 

placed by disturbances, a control input (Lee et. 
al., 1998) is proposed as 

Ua=u.i=~b~ie.i+~b.r.i+~b~il~+~brj~ (24) 

a~j i f s~es > 0 
t az,. if sje~<O 

I /~J  if Sj ,o  > 0  
t /~2j if s j ~ < 0  

Cry= { ?'t~ if &f,0->0 
?'zj if s j ~ < 0  

Ofj= { u h = M ~ s + M ~ × l  esl 
uh = - M , ~ -  Mz~ × ] ej I 

if s~>0 

if s~<0 

{ Ktfsv,sa~ + CrL,jC~-- MrL.sCY < 0 
IfKsv, sazs + C r,,~c ~ - MrL,sCY > 0 

J UT~ = M,,~+M2,~I ei I< ~/KIfsv,~ 
I uh = -  M, , s -  M2.j I e, l< ~ /KKsv , s  

{ K K s v . j ~ s -  CrL,s < 0 if &/aa > 0 

KKsv.s f l~-  CrL,~ >0 if Ss/aa < 0 

{ KKsv,~gqs-MrL.~<O if s j ~ > 0  

tf~SV,jZ2~--MTI.,j>O if s~[~ < 0 

if sje~>O 
if s~e~<O 

if s j > 0  

if sj-<0 

The magnitude of the nonlinear terms in Eqs. 

(17) and (18) is assumed to decrease as the error 

converges to zero. Therefore, the value of  M2,j 

in ~br~ is proportional to the absolute value of 

the error influencing the chattering magni- 

tude. That is, ~by~ can be smaller because the 

magnitude of nonlinear terms related to the 

tracking error is smaller as the trajectory con- 

verges to a desired trajectory. Therefore, the 

smaller supplied ~bri reduces chattering. The value 

of M~,~ in ~.~ is selected based on the maximum 
value of //r. 

where ~pi and ~bn are each feedforward control 

input term to satisfy the existence condition of 

sliding mode against unfavorable effects of /al 
and /d~ on the trajectory tracking, respectively. ¢b~,~ 

is the modified control input for compensating 
disturbances. 

From Eqs. (16) and (24), the existence condi- 
tion of the sliding mode can be derived as 

d CrLj\, /CrL~ ~KKsv~, 2\ 
TLd TLd 9'ITL,i . 

+/Kt~v~, ~ ~ , / tflfsvj , CrL~ ~ 
lgI~*L,j IVITL~i t X IVITLj IglFL,j I 

(25) 

If all terms in Eq. (25) are negative, the exist- 

ence condition of sliding mode is always satisfied. 

And, Eq. (25) can be used to obtain the limit 
values of all the switching parameters in Eq. (24). 

When the first term in Eq. (25) is negative (cs<  

CrL,JMrLj),  the limit values of the switching 
parameters can be derived as follows : 

4.2 Experiment 
A simple tracking control is performed to check 

the identified model and sliding mode control 

algorithm. To determine the switching control 

parameters, the values of  MrL and CrL of the 

whole system are obtained experimentally using 

the signal compression method with pre-pro-  

cessor as shown in the Table 3. The limit values 

of the switching parameters which are satisfied 

the existence condition of sliding mode are 

derived by using the identified parameters and 

c~=20, and they are listed in Table 4. 

The tuned control parameters c~, ~ba.~, ~b~,~, ~br, j 
from boundary conditions to satisfy sliding mode 

are selected as shown in the Table 5. Mla and M2,j 

are selected as --10 and --2 by trial and error 

method, respectively. The payload of the system is 

about 250 kg. The sampling time interval tbr 

control is selected as 10 msec because the response 
frequency of  servovalve is 100 Hz. 

The reference trajectories and tracking trajec- 

tories are shown in Fig. 22. Figsures 23--25 show 
tracking position errors of cylinder 1, 3, and 6. 
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Table 4 Limit values of switching parameters by using the signal compression method 

Cylinder No. Stroke c~ as ( c j =  20) /gs ( c~ = 20) D ( cj = 20) 

a n <  --3.2889 fl12<2.2727 711<0.1054 
Expansion c] < 21.6 

a~1 > --3.2889 /921>2.2727 7m >0. I054 
Cylinder #1 

a n <  --3.2140 /9**<3.0303 711<0.1435 
Retraction c] < 21. I 

azl > --3.2140 /921>3.0303 7.21>0.1435 

a12< --2.7701 /912<2.3026 7.12 < 0.1082 
Expansion c2<21.3 

an>--2.7701 /922>2.3026 7.22>0.1082 
Cylinder #2 

a12< --2.3669 /912<3.0769 7,2<0.1479 
Retraction c2 < 20.8 

a~2> --2.3669 /gzz > 3.0769 7.zz >0.1479 

ala< --2.7701 /91a< 2.3026 9"13<0.1082 
Expansion ca< 21.3 

a ~ >  --2.7701 /923>2.3026 Zz3 >0.1082 
Cylinder #3 

a'~a< --3.2140 /9t3< 3.0303 7'~3< 0.1435 
Retraction ca < 21.1 

ct2a> --3.2140 /gza >3.0303 7'za >0.1435 

tr14< --3.2889 /914<2.2727 7'14<0.1054 
Expansion c4<21.6 

a-a > -- 3.2889 /924 > 2.2727 724>0.1054 
Cylinder #4 

a14< --4.0098 /914 < 2 . 9 8 5 1  714<0.1392 
Retraction c4 < 1.4 

~4 >--4.0098 /924>2.9851 7'~>0.1392 

als< --3.7804 /91s< 2.2436 7'15 < 0.1027 
Expansion c5 < 21.9 

a ~ >  --3.7804 /92s >2.2436 7'z~ >0.1027 
Cylinder #5 

als< --4.0098 /915< 2.9851 y,s<0.1392 
Retraction cs < 21.4 

a~s> --4.0098 /92s > 2.9851 7.2s >0.1392 

0t18< --2.7701 /916< 2.3026 7"16<0.1082 
Expansion c2 < 21.3 

0t26> --2.7701 /9~ > 2.3026 7"26>0.1082 
Cylinder #6 

a16< --2.3669 /916<3.0769 7"16<0.1479 
Retraction c2 < 20.8 

a,28 > -- 2.3669 /928>3.0769 7"26>0.1479 

Table 5 Tuned control parameter of sliding mode 1 . 6  
control 

-""---.•ameter : 
Cylinder n o.b>--..~ 

Cylinder #1 

Cylinder #2 

Cylinder #3 

Cylinder #4 

Cylinder #5 

Cylinder #6 

axx=--25 8n------1.5 7.ti=--0.2 

a~x = 17 82, = 3.0 7'2, = 0.2 

a,z=--27 8x2=--2.0 7'12=--0.2 

a ~ =  20 6)22 = 4.0 7'22 = 0.2 

a13=--27 6'13=--2.0 7'13=--0.2 
a ~ =  17 6'2a= 4.0 7.za = 0.2 

a14 = - 2 2  6'14 = -  1.5 7.14=--0.2 
a ~ =  17 924 = 3.0 7'24 = 0.2 

a l s=- -25  ~'ls=-- 1.5 7'is = - 0 . 2  
a'zs= 20 925= 3,0 7'25 = 0.2 

Trloking I r i j q ~ l ~ ' t ~  

. . . . . . . .  ~ trajectmtes 

E 1 .6  

1 .3  

~1.2 
. J  

1.1 L j 
o 2 , 

T l m e  ( s e o )  

Fig. 22 Reference trajectories and tracking 

trajectories 

a'18=--27 918=--2.0 7.16=--0.2 

a~8= 20 92~= 4.0 Tz~---- 0.2 
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Fig. 24 Tracking error of cylinder 3 

respectively. In fast motion for z-axis, maximum 

error is about 4 mm. However, average error for 

the whole of motion is within 2.5 mm. That is, the 

tracking performance of the designed sliding 

mode control is relatively good. It shows that the 

estimated parameters was useful to get the control 

parameters cj, ~b~,j, ~b~,j, ¢br, ~. 

5 .  C o n c l u s i o n  

It is difficult to analyze and identify a system 

with the two different dynamic properties such as 

a single-rod cylinder by using general estimation 

method, because of non-linearity caused by the 

difference of each chamber volume. 

This paper proposed a new identification me- 

thod which is able to estimates uncertain para- 

meters of this system as separating two different 

dynamic properties by the signal compression 

method with pre-processor. It is shown that the 

estimated values obtained by the proposed me- 

thod are very close to the true values by the 

simulation and the experiment as shown in the 

results. The performance of SCM is similar to that 

of SCM with pre-processor in which the para- 

meters related to the expansion and retraction are 

same (Model 1). However, In case of a unique 

system with two different dynamics according its 

motion, the performance of the proposed method 

is absolutely better than that of SCM as shown in 

Table 1. In case of Model 2, the estimated 

damping coefficient error by the proposed method 

is 0.02. However, that by the SCM is 0.11. Also, 

in case of Model 3, the estimated natural fre- 

quency error is 0.5, whereas that by the SCM is 

1.9. Therefore, it is verified that the proposed 

method is valid for identifying a unique system 

with two dynamics. 

As its application, a sliding mode controller 

was designed on the basis of the identified model 

for the Stewart platform and evaluated experi- 

mentally. The tracking performance of the desi- 

gned sliding mode control was relatively good. 

Therefore, it was proved that the identified model 
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for the Stewart platform by the proposed method 

is useful to design the sliding mode controller. 
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Appendix 

mu 0 0 0 0 

0 rn~, 0 0 0 

0 0 m~ 0 0 

0 0 0 M4s M46 
0 0 0 Ms~ Ms6 
0 0 0 Mss M~ 

Mu = C~ (I~CZr + IySZr) + LS~ 

M~s= Ms4 = ( L - L )  CrS,Cp 

M~=M~=LS~  

M~ = L S  ~, + L C ~, 

Ms6=M~=O 
M ~ = L  

0 0 0  0 0 0 

0 0 0  0 0 0 

0 0 0  0 0 0 

0 0 0 C .  C~ C46 

o o o C~ C~s C~ 
0 0 0  C~ C~ C~ 
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C . =  - k~3- k~;> 

C ~ = - k , a - k ~ 3  + (k,+ k~) ~. 

C~= - k~a + ( k~ + k,) 3 

Cs4=k~a+ (k4- ks) ;~ 

C~= ( k4-  ks) a + k6l~ 

C~= k~a + ( k~ - k,) ~ 

C~=O 

k~ = C~S~ ( C~Ix + S~Iy-  I~) 

k~= C~GS, ( I~ -G)  

k3= C,S,S~ ( I~-  G) 

k4---12 [ C a ( C ~ - S  2) ( Ix-G)3 

1 
ks =yI~Ca 

k~ = c , s ,  ( I x -  G) 

Gv=[O 0 mug 0 0 o]r 




