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Loop-shaping tLo control with normalized coprime factorization is applied to a servo 

motor-driven precision positioning system. A high-gain controller is designed to attenuate the 

position errors caused by friction. The analysis of the controller shows that no limit cycle is 

introduced by the presence of actuator saturation. The designed [I= control system is experimen- 

tally tested on a rotary index table which requires a high-accuracy position control. The results 

show that the suggested control scheme improves the positional accuracy and its robustness to 

the model perturbation and external disturbances without any compensation scheme for friction. 
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I. Introduction 

High-speed/high-accuracy position-control sys- 

tems are indispensible to the improvement of 

productivity as well as to the manufacture of 

precision products. While commonly neglected, 

because :it is difficult to model and poorly under- 

stood, friction is present to some degree in all 

mechanical systems, and continues to impose 

limits on performance. Mechanical systems are 

distinguished from other controlled plants by the 

presence of several significant nonlinearities such 

as static friction, Coulomb friction, backlash and 

actuator saturation. Among these nonlinearities, 

backlash may be reduced at the expense of in- 

creased stiction and Coulomb friction. The dis- 

continuc, us nature of Coulomb-type friction near 

zero velocity causes stick-slip behavior which 

limits the fidelity of position and force control. 

As the performance criteria, such as cycle time, 

are made more stringent, the dynamic load depen- 

dency of friction becomes more influential. Stic- 

tion may cause steady-state error, or limil cycle 

near the reference position in the linear control of 
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positioning system. Failure to account for the 

effects of friction can lead to tracking errors and 

oscillation. 

An adaptive pulse-width control scheme was 

proposed to achieve precise positioning in the 

presence of stiction and Coulomb friction (Yang 

and Tomizuka,  (1990)). It is intended to be 

used near the reference position. Any conven- 

tional control law can be applied, until the 

system sticks near the reference position. When a 

motion stops and the error remains, a functional 

relationship between the pulse width and the 

error is updated by an adaptive algorithm, and a 

new pulse is applied. This sequence continues 

until the motion comes to a stop with :zero error. 

The adaptive fi:iction compensation at low 

velocities has been dealt with (Canudas de Wit, et 

al., ( 1991) )  and a simple model, l inear  in 

parameters, that captures the downward bends at 

velocites close at zero was proposed. 

Ruina (1980) worked on the experimental and 

theoretical development of constitutive frictions, 

and suggested state variable friction models 

through experiments on rock samples., with and 

without lubricants. The ramifications of transient 

friction behavior as expressed by a state variable 

friction law for the control of low-velocity motion 

has also been explored (Dupont, (i[991)). A 
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repititive control (Tung, et al., (1993)), a kind of 

learning control, was applied to compensate for 

stiction-induced errors which was a source of 

contouring errors in machine-tool systems. 

Ohnishi (1987) proposed a two-degree-of- 

freedom controller using a disturbance observer. 

It estimates the disturbance and cancels the actual 

disturbance with the estimate. This method has a 

similar control structure to that of time delay 

control (Youcef-Toumi and lto, (1990)) and time 

delayed uncertainty cancellation (Hsia, et al., 

(1991)) in that the internal loop has a infinite 

loop gain as delay time becomes infinitely small. 

Lee and Tomizuka (1994) designed a control 

scheme for perfect tracking of a positioning sys- 

tem. The excellent performance achieved for cer- 

tain parametric variations and external distur- 

bances is due to an infinitely large bandwidth. 

Since the large bandwidth is inherent to the 

characteristics of the structure of the disturbance 

observer, this kind of the controller is very 

sensitive to measurement noise and is not robust 

against dynamic model uncertainties (Liang and 

Looze, (1992)). 

The normal forces orthogonal to the moving 

direction of the servomechanism, which determine 

the friction, constantly vary according to the 

temperature changes in the moving contacts and 

inertia perturbations of the masses attached to the 

moving mechanisms such as linear slide tables, 

index table, and so on. Beginning with Sampson, 

et al. (1943) and Rabinowitz (1959), it was noted 

that friction is not determined by the current 

velocity alone; it depends on the history of the 

motion and the instantaneous velocity change. In 

the environments where the dynamic normal 

force and the velocity direction are varying, it is 

very difficult to obtain an accurate model to 

completely cancel the effects of friction in servo 

systems. Therefore, it is more realistic to attenuate 

bounded friction sufficiently to the desired magni- 

tude level than to resort to model-based compen- 

sation. 

This paper proposes an H= control scheme to 

compensate for the external disturbances includ- 

ing friction through a high-gain controller. The 

proposed scheme consequently controls the desir- 

ed positions of servomechanisms accurately since 

positional errors are inversely proportional to 

the gain of the feedback controller. The high-gain 

controller results from a loop compensator with 

a large gain being selected in loop shaping so that 

the sensitivity function may have a small magni- 

tude in the low-frequency region. Though the 

high-gain controller immediately saturates the 

actuators, the saturation does not give rise to 

a severe stability problem under the condition 

that the unstable poles and integrators are not 

included in the SISO closed-loop system. The 

designed high-gain controller has been tested 

experimentally on a rotary index table which 

requires a high-accuracy position control. To 

check for robust performance when parametric 

modelling errors exist, the tests were repeated 

with load variations. 

2. Robust  Control ler  Des ign  

Us ing  Loop-Shaping 

2.1. Normalized coprime factorization stabi- 
lization 

Let the nominal p •  rn system, G, has a mini- 

mal state-space realization and normalized co- 

prime factorization (NRCF) such that 

G ( s ) -  C ( s I -  A ) - I B  (1) 
and 

G(s)  = N M  -~ (2) 

Definition 1 : A right coprime factorization of 

G is normalized if the matrix [N~MT] ~ is inner. 

If X and Y > 0  are the solutions to the Riccati 

equations (Meyer, 1987) 

0 =  A T X  + X A -  X B B T X  + C r C  

0 = A Y +  Y A  T -  y C T C Y + B B  T (3) 

then the matix I N  r M r ]  v is easily determined 

from the following state-space realization. 

F =  - R - I B r X  = O (4) 

I 

Then, any other perturbed system of the same 

input/output dimensions can be written in the 
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form 

G~ := ( N  + AN)(M + AM)-~ (5) 

where AN, and A M ~ H~ are stable transfer func- 
tions. The robust stabilization problem is to stabi- 

lize the nominal system, G, with N R C F  ( N,  M) 

and the fi~mily of  systems G,  using a proper 

feedback controller K .  

Definition 2 (NRCF Robust Stabilization): 
Let (N, M)  be a N R C F  of  G, then 1) Find the 

largest positive number 6~ax called the maximum 

stability margin, such that (N,  M, e,~ax) is robust- 

ly stable. 2) For  a particular value 6<--emax, 
synthesize a feedback controller, K,  such that (N, 

M, K,  c) is robustly stable. 

The upper linear fractional transformation and 

lower linear fractionaI transformation can be 

defined for this problem. 

AM ) :=(N+AN)(M+AM)-~(6) 

F~(P, K ) :=M-~( I -KG) - ' [K  I] (7) 

The problem fits neatly into the standard H~ 

framework. The feedback system / ' )(F~,  K)  is 

stable for all A~,AM e H~ if F~(P, K) e H~ and 

lIFt(P, K)ll~<-e - '  by the small-gain theorem. By 
multiplying the expression for Ft(P, K) on the 
left by the ~nner transfer function [NrMr~  r, a 

two-block H~ problem is written as a four-block 

H~ problem. Rephrasing this, the solution of the 

problem is given by minimizing 

where e,~,r, is the maximum stability margin such 

that (N, M, em~) is robustly stable. The above 
equation is also expressed as 

~e[G(I-GK)-'KG(1-GK)-'JI (9) 
e;~,,= K [ (I-GK)-'K (I-GK) -~ . 

Minimizing the norm of the complementary 
sensitivity function, G(I -GK) -JK  indicates 
robust stability for the multiplicative uncertainty. 
G ( I - G K )  -I and ( I - G K )  -~ are the transfer 
functions from the disturbance reflected to the 
control input and reference input, respectively. It 
can be conjectured that the closed-loop system 
has good performances for disturbance attenua- 

tion and command following. The maximum 
stability margin emax is obtained from the Nehari 
extension (McFarlane and Glover, (1992)) 

e~a~ = 11 - M (10) 

where lI "/1H denotes the HankeI norm. A state- 
space realization of the central controller satisfy- 
ing the stability margin is 

K=I: A +~ + e:eW'f2CB~x e-2 W'l~ (11) 

where Z~=((I -e-e) I+ YX)-< dP=BB ~ and 

[2= YC r This method has a remarkable charac- 

teristics in synthesizing the optimal control  

directly from the Nehari extension of the normal- 

ized right coprime factorization of  the nominal 

system, while other H~ syntheses require iterative 

procedures to obtain optimal or suboptimal solu- 

tions to satisfy the H~ norm. 

2.2. Loop-shaping techniques 

In loop-shaping design, the closed-loop design 

objectives are specified in terms of requirements 

on the open-loop singular values of the compen- 

sated system, For  example, given a sysem G and 

compensa tor /q ,  a typical design objective is that 

6((I--GK)-I)(jw) is small in order to achieve 

good performance, and J ( G K ( I - G K )  -1) is 

small for good stability properties. Noting that 

performance is usually required at low fre- 

quencies, and robustness at high frequencies, a 

designer specifies closed-loop objectives in terms 

of requirements on the open-loop singular values 

of the compensated system. 

2.2.1 The loop-shaping design procedure 

(1) Loop Shaping: using a loop compensator, 

W, the magnitude of  the nominal system G is 

shaped to give a desired target loop which deter- 

mines the open-loop shape of the closed-loop 

system. The selection of the target loop uses famil- 

iar SISO loop-shaping guidelines. Shaping a 

crossover roll-off rate close to -20dB/ dec is 

consistent with Bode's observation that roll-off 

rate determines phase, and that a rate o f - 2 0 d B /  

dec corresponds to 90 degrees of phase. The 
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actual system can be unstable, if the roll-off rate 

is -40dB/dec. The nominal system and the loop 

compensator, W, are combined to form the 

shaped system, G~, where G~-GW. 
(2) Robust Stabilisation: a feedback control- 

ler, /fo~, is synthesized using the N R C F  stabili- 

zation procedure which robust ly  stabil izes the 

N R C F  of G~ with stability margin. 

(3) The final feedback controller, K,  is then 

constructed by combin ing  the H= con t ro l l e r ,  

/f=, with the loop compensator W such t h a t / ~ =  

WK~. 
"Stability margin", e has two meanings in this 

design procedure. Firstly, treats e as an indica- 

tor of  the success of  the loop shaping, e cap- 

tures information on the compatibil i ty of the 

desired loop-shape with the stability constraints. 

Secondly, e can he interpreted as a measure of  

robustness. It provides direct information on 

the size of  the neighbourhood of plants close to 

the shaped plant in the gap metric that are also 

s tab i l ized  by the c o n t r o l l e r  ( G e o r g i o u  and 

Smith, 1987). 

3. Analysis of the High-Gain 
Controller 

The next step is to deal with the position 

control system forced by the friction forces illus- 

trated in Fig. 1. All  the signals are multivariable, 

in general, and both nominal  models for G and K 

are finite-dimensional linear time-invariant sys- 

tems. The friction forces, f ,  have bounded energy 

in the low- frequency region, y are the outputs 

equivalent to the position signal, v are velocity 

signals, and s is a Laplacian operator. Obtaining 

the the error signals to the friction force, 

§ [ I 

Fig. 1 The standard feedback system with friction. 

e_-(I+ GK)-~G/ (lZ) 
the norm of errors is 

[leJf : I[(I+ GK)-~Gfll 
--- I[(I+ GK)-IG[II[fll (13) 

If Euclidean norm is used for e and f ,  

I1(I+ ~K)-~GLI = ~ ( ( I +  GK) - IG)  (14) 

where (y denotes the maximum singular value. At 

low frequencies such that r the approx- 

imations 

6((1 + GK)-IG) ~ 1/a(K)  (15) 

can be made. 

Since ~(K)=g(K)=]K(jw)]  in SISO case, Eq. 

(13) can be written as 

Ilelt <<-(l/IK(jco)l)llfll (16) 

Therefore, tracking errors caused by the friction 

forces are inversely proport ional  to the magnitude 

of the frequency response in the low-frequency 

region, and the errors can be sufficiently attenuat- 

ed by a feedback controller having a high gain in 

this frequency. A loop compensator with a large 

proport ional  gain is selected to obtain the high- 

gain ontroller when an H~ controller is designed 

using the loop-shaping approch. 

Since the electrical time constant is much smal- 

ler than the mechanical time constant in the 

servomotor-driven position control system, the 

armature inductance effect can be neglected. 

Therefore, the dynamic model of the system, 

whether it has rotational joints or translational 

ones, is, in general, characterized by the 2nd-order 

transfer function, and has no finite zeros. Because 

the relative order of the transfer function is 2, the 

roll-off rate of its magnitude near the crossover 

frequency is -40dB/dec. For  the target loop to 

have 20dB/dec. in the crossover frequency, it is 

necessary to insert a finite zero as a loop compen- 

sator, which guarantees a good phase margin and 

robust stability. The proport ional  gain and the 

locations of the zero are determined by the desir- 

ed error magnitude, the magnitude of the friction 

force and a roll-off rate of the unshaped open- 

loop Bode plot. The gain is approximately calcu- 

lated by Eq. (16). This gain is slightly changed 

in the final controller by inclusion of the H~ 
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controller, which causes deterioration in the 

open-loop shape, but the degradation in the loop 

shape caused by the H~ controller, Koo, is limited 

at frequencies where the specified loop shape is 

sufficiently large or sufficiently small. Since the 

poles and zeros in the H~ controller are mostly 

located near or beyond the crossover frequency, 

and the controller is strictly proper as expressed 

in the state-space model of the controller, it has a 

higher roll-off rate in the high frequencies and 

good noise immunity, 

The stability margin, e, is also a factor in 

determining the magnitude of  the H~ controller, 

K~. As e becomes smaller, the deterioration in the 

target shape is enlarged. But as the H~ controller 

maintains its magnitude near 1 in the low- 

frequency range, the final controller approximate- 

ly inherits its gain from the proport ional  gain of 

the loop compensator. The high-gain scheme 

immediately saturates the actuators. In multivaria- 

ble systems, saturation affects to both the magni- 

tude and the direction of  singular values. The loss 

in directionality can break the performance of 

decoupling between outputs. In particular, anti- 

windup must be considered in the feedback con- 

troller with integrators when the actuators satu- 

rate. 

The saturation does not bring about a severe 

stability problem in a SISO system, which has no 

unstable poles and integral compensators. Robust 

stability ils examined by experimental results in 

the Sec. 5. Actuator saturation primarily affects 

the transient performance, and deteriorates the 

speed of response. The describing function, 

N(M), for the saturation is given as 

_ 2k �9 - i  a a a 2 
N ( M ) - - ~ - [ s m  ( ~ - ) + - ~ -  l ~ - - - ~ - r ]  (17) 

where M, a, and k denote the control input to the 

actuator, the range and the slope of the linearity, 

respectively. If M<_a, then N ( M ) =  l, and the 
input remains in the linear range. The magnitude 

of the control input for cancelling friction force, 

in most cases, is within the linear range, not 

saturation range, and therefore, saturation does 

not degrade the capabilit ies for error attenuation. 

The existence of limit cycles caused by the satura- 

lm 

-I/N(M) -I 

G(jo))K(j~) 

Re 

Fig. 2 Plot of -1IN(M) and G(jco)K(jco). 

tion must also be investigated. A describing func- 

tion is mainly used in predicting the limit cycles 

in nonlinear systems. Obtaining the relationship 

between a linear part  and the describing func- 

tion from the characteristic equation of  the 

closed-loop system with actuator saturation, 

1 
G(jw)K(jw): N(M)- (18) 

The servomechanism, as mentioned above, is a 

stable 2nd-order system without finite zeros, and 

it is assumed that K(jw) is a stabilizing controller 

for the closed-loop system, andhas no finite zeros 

in the right half of  the s-plane. Then, the locus of 

G(jco)K(jw) does not encircle the -1 point of the 

real axis. As M varies from 0 to ~ ,  the locus of 

-1IN(M) starts from the -1 point on the real axis 

and extends to - ~ .  The frequency response 

function G(jw)K(jw) and the negative inverse 

describing function - I / N ( M )  can be plotted in 

the complex plane, as shown in Fig. 2. The loci 

o f - 1 I N ( M )  and G(jw)K(jw) do not intersect 
each other in this figure, which means that limit 

cycles caused by the actuator saturation will not 

exist. Therefore, the high-gain controller does not 

introduce stable oscillation. 

4.  D e s i g n  o f  t h e  P r o p o s e d  C o n t r o l l e r  

Figure 3 shows a testbed for high-accuracy 

position control. The system consists of two main 

elements: the servomotor-driven index table and a 

VME computer with interface. The resolution of 
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VME ~yst~ q Inde~ table [ ~  

Fig. 3 Experimental setup of the servomechanism. 

the position sensor, which is an incremental en- 

coder, is 5.992 • 10-6rad. The motor used is a DC 

servo motor, and the controller is implemented 

using an MVMEI43 computer that has a VME 

bus and a 32-bit microprocessor, MC68030, run- 

ning at 25MHz. The computer is interfaced to a 

power amp via a DAC board and to an encoder 

through a counter board. The numerical values of 

the electrical and mechanical parameters of the 

used motor are listed in Table 1. 

Table 1 Specifications of the motor 

Motor model(Tamakawa) TS1980 

Moment of inertia 0.28 kg cm 2 

Output power 100 W 

Mechanical time constant 3.9 ms 

Electrical time constant 0.98 ms 

Peak torque 18.4 kg cm 

Gear ratio 10:1 

Maximum speed 1500 rpm 

The H~ controller designed in the continuous- 

time domain is transformed to a discrete-time 

domain controller through bilinear transforma- 

tion. The digital codes were written in C for the 

actual control, and they are executed every 2 msec 

under the assistance of a real-time operating sys- 

tem VMEexec. It is an important requirement for 

a microprocessor-based control system, and has 

real-time kernel and software development envi- 

ronments. It is assumed that the transfer function 

of the index table is a 2nd-order system, as stated 

above. The transfer function for the index table is 

approximately given as follows: 

k 
G(s) = s( Ts + 1) (19) 

2040 ~ . . . . . . . . . . .  

"~. 
0 ?"--~. 

~.20 ">'- 

\ 
-60 . . . . . . . . .  \ . ~  

-8o "x..~ 
-100 

-12~10. ~ . . . . . . . . . . . . . . .  �9 , , . . . . . . . . .  10 1 10 0 10 ~ 10 2 10 ~ 1 0 '  
f requency(rad/sec) 

Fig. 4 The open-loop frequency response of the index 
table. 

where k is 1.52 and T is 0.009 sec. The estimated 

friction force is 0.004 volts. Since the index table 

is designed for high-accuracy operations, it has a 

high power transmission ratio and small friction. 

The open-loop Bode plot for G(s) is shown in 

Fig. 4. The roll-off rate in the crossover frequency 

is -20 db/dec. But if a large proportional gain is 

used in the feedback controller, the shape neces- 

sarily goes up, and the roll-off rate in the cross- 

over frequency will be -40 db/dec. So the inser- 

tion of a finite zero near the crossover frequency 

guarantees that the target loop will have -20dB/ 

dec. The shaped plant Gs(s) is obtained by insert- 

ing a loop compensator, kp(s/co~+l), where 105 

rad/sec, is assigned to cox. An w~ much larger 

than the natural frequency, 1/0.009, can not trans- 

form the roll-off rate near the crossover frequency, 

and an wz smaller than that natural frequency 

reduces the bandwidth of the closed-loop system. 

The kp is chosen to be 70 to sufficiently attenuate 

the position errors. Saturation level to the linear 

amp is set to 5 volts to test the characteristics of 

the high-gain controller, and this corresponds to 

the great high gain, compared to the linear range 

of the linear amp. The shaped transfer function is 

kk.(s/a,~ + 1) (20) Gs(s)= s( 7~s + l) 

A stabilizing controller for the shaped plant is 

synthesized with a appropriate stability margin in 

the following step. The maximum stability margin 

is 0.72 which is calculated by Eq. (10). The 



Robust High-Gain Loop-Shaping H= Control of Servomechanisms 51 

i d~,,o~ ..... �9 

- 4 C  - 

-90 

-100 

1o ~ 10 ~ lO' lo  ~ lo  = ~o' 
freq~ncy(rad/sac) 

(a) Magnitudes 

\ 

\ 
\ 

\ 
\ 

\ 

Fig. 5 

10 -~ 100 

-110 

-120 

~-1,0 
~ - 1 4 0  

-150 

-160 

-17~ 

-18~05 101 10 2 
frequency(rad/sec) 

(b) Phase 

\ .  

10 ~ 10 4 

Bode plot of the loop gain GK. 

stability margin e near to Emax gives good loop 

recovery, but has a disadvantage to introduce fast 

poles. Here, the H= controller, K=, is designed 

with stability margin e : 0 . 5 3  to prevent fast poles 

from being introduced to the H~ controller. The 

final feedback controller K is obtained by com- 

bining the loop compensator and K=. 

K ( s ) =  WK~(s) 

-1~_066 -37958 1 ] 
= 1 0 0 (21) 

600-4268900 161 

The frequency responses of the target loop, the 

designed loop shape and the controller K= are 

shown irt Fig. 5. The designed loop gently crosses 

the 0 db with -20dB/dec., and therefore it will 

have a nice transient response. It also illustrates 

a higher roll-off rate in the higher-frequency 

region and therefore robustness to the measure- 

ment noise. This shape well satisfies the require- 

ments that the open-loop shape in the low-and 

high-frequency regions needs to meet tile closed- 

loop performance. The magnitude of the H= 

controller is slightly below 0 db in the low- 

frequency region because of a smaller e than emax. 
This magnitude will gradually approach 0 db, if a 

larger eis adopted. 

Relative stability given by the gain and phase 

margins in S1SO system, to some extent, implies 

robustness of the system. Sufficiently large gain 

and phase margins are necessary for the system to 

have good relative stability. The stability margin, 

e=0.53,  appears to give good loop recovery, 
because the designed loop has slightly lower gain 

than the target loop. This results from the selec- 

tion of an e which is smaller than e . . . .  . The gain 

and phase margins of the compensated system are 

about 168 db and 78 degrees, respectively. The 

gain and phase margins of the compensatedsys- 

tern mean that G(jw)K(jw) does not encircle 

the -1 point on the real axis in the complex plane. 

Therefore, no limit cycle exists in the closed-loop 

system, as described in the previous section. 

5. Experimental Results 

This section details actual experimental results 

obtained using the previously described system. A 

step response experiment is carried out to demon- 

strate the effectiveness of the proposed controller. 

Step responses are useful information to examine 

the disturbance attenuation of the controller. The 

index table is given a 0.4 radians step .command, 

which corresponds to a fairly large command, to 

check characterist ics of the high-accuracy 

position-control system. In the digital implemen- 
tation, the control law is 

u(k) -:  1.3u (k -- 1) - 0.4 u(k -2)  + 117e(k) 

- [88 .8e(k-1)+76e(k-2)  (22) 

where u and e are the control input to the DAC 
and position error. 

Robust performance of the high-gain controller 

to be examined is the ability to reject load uncer- 

tainty which causes a parametric modelling error, 

and results in a shift of pole locations and a plant 

gain change. The friction force is also changed to 
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Fig. 6 The step responses with/without the mass. 

a higher level. To demonstrate this, the experi- 

ments are repeated with a 6 kg load attached to 

the index table. The moment of inertia of the load 

is about 45 kgcrn 2. Figure 6(a) shows the posi- 

tion responses with/without the load. The differ- 

ence of positional error between the cases with/ 

without the attached mass is shown in Fig. 6(b). 

The steady-state errors are about 1 • 10 -S and 1.7 

• 10 .4 radians without/with the mass, respective- 

ly. The slightly larger positional error in the 

transient stage is due to the increased inertia and 

friction of the index table. The angle errors illus- 

trate a good performance for the load perturba- 

tion. It is shown that the steady-state errors for the 

friction are adequately attenuated by the high- 

gain controller, as expected. Smaller errors are 

anticipated if a position sensor having a higher 

resolution is used. 

For comparison purpose, a PID controller for 

improving steady-state response is also designed 

without any feedforward compensation, for fric- 

tion, because it is difficult to obtain its accurate 

model. Figure 7 is phase plot of the response to 

the step position reference. The dotted line indi- 

cates phase plane response of the H= controller 

and it has no oscillations. Integral-action in the 

PID controller causes a stable limit cycle near the 

reference position by friction, though it gives a 

slightly smaller steady-state error than the H= 

controller. 

Tracking performances of two controllers are 

compared: one with the H= controller and the 

other with the PID controller. The trajectory used 

in the experiments to check the tracking perfor- 

mance is a fifth-order polynomial curve as shown 

in Fig. 8. This trajectory corresponds to a 1 

radian angle and 0.8 sec transition time. While 

tracking error with the PID controller remains 

below 6.2• -3 radians, the H ~ one generates 

the maximum tracking error less than 5.1 • 10 -a 

radians and this is a small tracking error. The H~ 

controller shows better tracking performance than 

the PID one. 

One of the major concerns for the high-gain 

controller is its performance under actuator 

saturation. To address this concern, the output of 

the controller and the saturated control signal are 

shown in Fig. 9 where the index table is given a 

0.4 radians step command. The motor is saturat- 

ed for a control signal magnitude beyond 5 volts, 

which is indicated by the dotted line on the plot, 

because linear characteristics of the power amp 

for the control input ranges from -5 volt to +5  

volt. Saturation corresponds to utilize maximal 
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Fig. 8 Tracking responses. 

power of the motor amp. The motor is always 

saturated in the initial stage, and encouraged to 

response rapidly to the desired reference. 

The ability to reject the external disturbance is 

also important for the controller to have the 

applicabil i ty to the real system. The external 

disturbances are tested by an elastic spring that is 

physically attached to the index table, as shown in 

Fig. 10~ The torques induced by the spring have 

characters of varying disturbances, but they have 

energies in the low frequencies region. 'Therefore, 

they can also be attenuated by a high-gain H= 

controller.  

Two experiments are repeated with different 

spring forces. While the index table rotated 0.4 

radians, the spring forces varied linearly from 1.5 

kgj to 2.5kgj in the first experiment and from 2. 

6kgF to 3.5kgj in the second. The final opposed 

torques caused by the attached spring are 16 

kgfcm and 23.5kg~cm in the above two experi- 

ments, respectively, The peak torque of the mech- 

anism is around 167.44kgyc~n which is 0.91 

(transmission ra t io ) •  10 (gear ra t io) •  18_4(the 

peak torque of the used motor). The maximum 

torque by the spring corresponds to 14 % of the 

peak value of the system and this is a big 

disturbance in the practical applications of  high- 

precision positioning systems. These torques, in 

general, degrade the transient responses and give 

rise to large steady-state errors. 

Figure 11 shows differences of the posit ional 

errors between the cases with two opposed tor- 

ques and the one without any disturbance. 

Though the errors by the spring torques 

increase in the transient stage, the controller still 

shows good steady-state rsponses despite the 

exteral spring torque. 

4 l 40 

35 

3 0  

i,5 
1050~ ~ 1 5  Controller outpul 

Saturatlo n level 

0 0.05 01 0.15 0.2 ume(sec) 

Fig. 9 The controller output with actuator saturation. 

Spring ~ ~ 

Index table 

Fig. 10 The index table pulled with a coil spring. 
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Fig. 11 The error differences caused by disturbances. 

6. Conclusion 

Friction causes steady-state position errors or 

tracking lags in servomechanisms. It is necessary 

to control the postions precisely, without 

introducing any stable oscillations near the 

reference position in the existence of friction and 

disturbances. A design method for a robust 

motion controller based on high-gain loop- 

shaping synthesis has been presented in this 

paper. It was applied to an index table requiring 

high-accuracy position control. The loop-shaping 

method with H= synthesis provides ease and flexi- 

bility in designing a controller which meets the 

specifications.  The high-gain loop-shap ing  

scheme shows that the designed controller is 

effective in attenuating the friction forces to the 

desired magnitude. 

The performance of the controller has been 

examined through experiments under various 

load uncertainties and disturbances, including 

friction. The positional error due to the effect of 

the friction in the index table was greatly 

reduced using a suboptimal controller without 

any feedforward friction compensation. The 

experimental results demonstrated that the satura- 

tion caused by the high-gain contoller does not 

break nominal and robust stability. The high-gain 

controller does not completely eliminate the 

positioning errors caused by friction, but it can 

reduce the errors to a sufficiently small level. 

Moreover, it has the robustness to the model 

perturbation, noise immunity and disturbance 

insensitivity which a real-world controller must 

possess. Superior performance may be obtained if 

a more accurate position sensor is used. 
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