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Abstract : Through the motion control experiment using Industrial Emulator(Model 220 by ECP), the performance comparison- of
three kinds of controllers such as PID, RIC and LQR was carried out. It was shown that RIC has the best performance in the presence
of disturbances such as step one, sinusoidal one and Coulomb friction for the rigid body. LQR using feedback state variables has the
best tracking performance for the flexible body. The performance of PID controller is low compared to other controllers, but the
design process is simple. The most advanced controller is LQR. In order to attenuate disturbance, an additional state observer should
be used to estimate it, making more complex control system. RIC lies between PID and LQR in view of complexity of design. Even
though RIC is not complicated, it has good disturbance rejection ability and less tracking error. By considering these aspects, the RIC
is suggested as high precision controller to be used in motion control system.

Keywords : disturbance rejection, motion control, LQR, PID, RIC(Robust Internal-loop Compensator)

I. INTRODUCTION

The motion controller is uvsed to make motion action of the
industrial automation system. Many researches have been devoted to
obtain the desired dynamic performance of electromechanical systems
with servo motors. The main issue in designing precision positioning
systems such as factory automation, high-tech computer hard disk
drives, and semiconductor chip mounter/wire bonder is how to
achieve high-speed/high-accuracy performance.

In designing a robust controller for a system in the presence of
uncertainty and disturbance, the first requirement is to achieve the
robustness properties on the uncertainties including external
disturbance, variations of the system parameters, modeling uncer-
tainties, and etc., and the second one is to obtain the performance
specifications for given tasks. Many advanced controller design
methods have been proposed to meet these requirements. The Distur-
bance Observers(DOB)[1,2], an Adaptive Robust Control{ ARC)[3],
Active Disturbance Rejection Controller (ADRC)[4], state observer
design for reduction torsional vibration[5], robust motion controller
design[6] are good examples. These methods commonly require the
design of two loop structures. One is to design the internal-loop
compensator for robustness, the other is to design the external-loop
controller for desired performance specifications. In such scheme, the
internal-loop compensator generates corrective control inputs to reject
equivalent disturbance as much as possible to force the actual system
to become a given nominal model, where the equivalent disturbance is
defined as sum of external disturbance signals and all possible signals
due to the differences between the actual plant and nominal model
such as modeling uncertainty and parameter variations. Thus, the
actual plant with such an internai-loop compensator can be regarded
as a nominal model if the internal-loop compensator works well. On
the other hand, the external-loop controller is designed to enhance
overall system performance, where controller design is carried out for
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the nominal model.

In this paper, the comparison experiments using Industrial Emulator
made by ECP were conducted to analyze the accuracy and robustness
of three kinds of controllers for positioning system in the presence of
disturbance. Tr1 Section TI, the disturbance compensation algorithms
used in comparison experiments are reviewed. In Section III, the
expetiment system, so called Industrial Emulator, introduced to verify
the performance of each motion controller is described. In Section IV,
PID(Proportional Integral Derivative), RIC(Robust Internal-loop
Compensator) and LQR(Linear Quadratic Regulator) controllers are
designed for high-accuracy positioning systerns for rigid body, also
these experiments using ECP to compare their performance are
carried out. PID, RIC and LQR are also designed for flexible body.
Finally, conclusions will be followed.

II. REVIEW OF CONTROLLERS TO APPLY MOTION
CONTROL

In this section, the motion control theories used to remove the
disturbance are described. The findamental concepts of servo motion
control is using servo systems to improve transient response time,
reduce the steady state error and reduce influence of the disturbance.

Servo motion control usually has two fundamental classes. The first
class deals with command tracking, The typical commands in rotary
motion control are position, velocity, acceleration and torque. The
second one addresses the disturbance rejection characteristics of the
system. The goal of the servo control systems is how to combine both
these points of servo control to provide the best overall performance.

The dynamic equation of general servo system can be expressed as

T+ e+ Fy(3) —doy =1 1)
where J is the inertia, ¢ is the damping coefficient, # is the control
input, y is the output of interest, F.(y) is the fiiction term including

static friction and Coulomb fiiction, <, is the uncertain external
disturbance whose magnitude is bounded. Tracking error is defined as

e=y;—y )]

where y, is a desired trajectory.
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Among various controllers, three kinds of controllers such as the
most simple and conventional PID controller, the RIC equivalent to
DOB which has been most widely studied in view of disturbance
rejection, and the LQR which is the most advanced modem controller
are introduced for the performance comparison of motion control.

1. PID control
The PID is the most common form of feedback controller. The
control input by PID controller is described by:
t
u(t) = K pe(t) + K, j e(r)dr+ Ky dett) 3)
0 dt
where e(¥) is the etror, K, is proportional gain, K; is integral gain, and
K is derivative gain. Rewriting (3) in s-domain,
Us) K

EG) p —S—’ +K s @)

2. Linear Quadratic Regulator(L.QR)
The plant represented in state space is given by,
i=Ax+ Bu ®)

The optimal control input is given by,
u(t) = —Kx(1) ©)

where K is the gain matrix, which is chosen so that the following
performance index is minimized.

J= jow(xTQx+uTRu)dr %

where O, R are a positive-definite matrices. (" Ru) term accounts for
the expenditure of the energy of the control signals. The weighting
matrices O and R determine the relative importance of the error and
the expenditure of this energy.

Solving the LQR problem, Riccati matrix differential equation is
obtained as

~8S=ATS+84-SBR'BTS+0 (8)

S(®) can be obtained by backwards integration of this equation. The
closed loop optimal control law can be found by

u=-R"'BTsx ©9)

3. Robust InternaHoop Compensator(RIC)

Recently, a robust controller, Robust Internal-loop Compen-
sator(RIC) by Kim B. K. and Chung W. K[7], is designed for the
system in the presence of uncertainty and disturbance. It was known

that RIC is equivalent to the conventional DOB structure shown in Fig,

% 1. DOB®| &
Fig. 1. Structure of the DOB

T 2.RICY R R
Fig. 2. A generalized framework of RIC.

O 3, RIC] TR
Fig. 3. A equivalent framework of RIC.

1. Using the low-pass filter O¢s) and the inverse of a nominal model,
the DOB estimates the disturbance and the estimated signal utilized
for disturbance compensation.

A generalized framework of RIC is shown in Fig. 2. Fig. 2 can be
transformed as Fig, 3.

Comparing Fig. 2 with Fig. 3, the following equations are obtained.

L M GL.<C) N )

14P, (s)K(5) P (s)1-0(s)

The RIC structure of Fig. 3 tan be transformed equivalently to a
structure of DOB shown in Fig. 4.

From the block diagram in Fig. 4, the input-output relationship
from the external disturbance d, to the plant output can be expressed
as

(10)

G POP(6)1-06)
e P (5)+(P(s) - Py(s)O(s)

Below the cutoff frequency of Q%), O/~ 1 is achieved. Hence
Gy , ~0 isobtained from (11). This indicates that the disturbances

an

are attenuated and mismatch between plant and reference model is
compensated in the low frequency region.

In order to design a robust motion controller using RIC framework,
consider the following reference model for general positioning system
of (1),

ij}+cmj/:u+deq (12)

where J,, and ¢, are the reference values of inertia J and viscous

B, (oM1- Q)]

a9 4. QTS AHER RICY] BIHTE
Fig. 4. Equivalent structure of RIC using Q function.
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friction ¢, respectively.
deq:(Jm_J)j}+(cm_c)y_Fr(y)+dex (13)

And the reference control input that can stabilize the reference
model given by (12) can be chosen as

u=Jpy+Cny, (14)
The reference model P,,(s) is described by

1
3 (15)
Jm52 +cp,8

B (s)=

Hence, various Q) can be designed by K(s) using (10). For
example, if the controller is chosen as

K()=(J,s+c,)D (16)
Then Q(s) function has the form of
D
Q(s) = D (17)

Therefore, it can be roughly said that the disturbances can be
attenuated below the cutoff frequency (@, = D rad/s). Fig. 5 shows

the whole control structure with RIC and feedback controller.

IIL. INDUSTRIAL EMULATOR/SERVO TRAINER

Industrial Plant Emulator (Model 220 produced by ECP)[8] is an
equipment for teaching practical control of modem industrial field.
This equipment has spindle drives, turntables, conveyors, machine
tools, and automated assembly machines. Their adjustable dynamic
parameters and ability to introduce or remove non-ideal properties in a
controlled manner make it a perfect selection for industrial emulation
of servo control.
1. System structure

Many experiments were conducted by using an industrial emulator
in order to evaluate the performance of each controller which is
already introduced in section I. Fig. 6 shows a frame structure of the
industrial emulator.

Each consists of an electromechanical plant and a full complement

Roabsest
fatvenat-Lonp
Cempeargisr

—!

Neasmy
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(2) Block diagram of the overall control system.

(b)RIC.
(b)RIC.

2% 5. AA Ao} A]2="3% RIC.
Fig. 5. Overall control system and RIC.
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Table 1. Mass parameters.

Mass of brass weights[Kg] Radius from center of plate[n]
On drive disk : m,,x4 | 0.8 On drive disk : 3,4 0.05
Onload disk : x4 | 2.0 On load disk : 7, 0.1

Slidng beass weights

to adjust inartia

e NG
spesd iction

73] 6. Industrial &) EJ(ECP Al2~8 2l 220).
Fig. 6. Industrial emulator (ECP System model 220).

of control hardwate and software. The industrial emulator consists of a
multi-mass system connecting a drive inertia and load inertia via a
driving belt through an assembly gear. In the Fig. 6, m,; and m,,; are
the mass of each brass element loaded on each plate, and #,; and 7,4
are the distances from the center of the plates. n, and 7, are the
number of teeth in the assembly gear. The inertia is determined by m,,;
and 7, as well as m,,,and ,,4. In the experiment, m,,;: 0.5 Kg and m,,,:
0.2 Kg were used, with 7,z 10 cm and .z 5 ¢m. The assembly gear
had 7, 36 and #,,: 24. The mass parameters of industrial emulator
were shown in Table 1.

A disturbance motor connects to the load disk via 4:1 speed
reduction and is used to emulate viscous friction and disturbances at
the plant output. A brake below the load disk may be used to apply
Coulomb friction..

The drive inertia and load inertia each have a 16,000(counts/rev)
encoder attached, and the drive inertia is directly connected to a
brushless DC motor. A DSP board built in personal computer controls
the industrial emulator. The input/output data to be observed are the
drive torque [N-m] and the motor angular velocity [rad/s].

2. System identification

Before applying motion control theory, the inertia, gain, and
damping ratio of the industrial emulator can be found indirectly by
measuring their system characteristics. The following block diagram
shown in Fig,. 7 is used to identify system parameters.

The output/input transfer function is given by

6,(s) _ k k! J (s
() 8%+ (e gk ! DS+ ki, 1T )
Comparing (18) with the following second order system
Reference input
(e Demand ecton)y 777 mmmee i 6,(5)
7 l Proportional | 51 2) (Dﬁtg“u;“)

' Plant
¢+ toemor
I

Velocity
feedback

a3 7. A9 S E 3] AT SE

Fig. 7. Block diagram to find system parameters.
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2
r(8) st +2cw,s + o)

Kok 1 kqk
Then, o, = % , g:z—[c+—d/’—w are system
a)}’l

natural frequency and damping ratio, respectively. When the plant
viscous friction ¢ is negligible compared to k,, the damping ratio is

_ kak, kakps,

= 20)
2o, 2 /Jkpkhw
The hardware gain j, of the system consists of the product:
Ky = kok ke k kg 20

where, £[DAC gain]=10V/32,768 DAC counts, k,[Servo Amp.
gain]=approx. 2[amp/V], 4[Servo Motor Torque constant]=approx.
0.1[N-m/amp], 4[Encoder gain]=16,000/2 = [pulses / radian],
kJController Software gain]=32 [controller input /encoder pulses]. So,
we can obtain the whole hardware gain of this system as &, =4.97.
3. Dynamics of rigid body

By inspection of Fig. 8, the overall drive train gear ratio, gr , is
suchthat &, = gro, ,ie.

lald
gr = i (22)
Fp2¥a

We shall refer to the partial gear ratio between the idler pulley
aszembly and the drive disk g7, i.e.:
gr'= ol /vy (23)

such that 8,=gr'6),.
The drive inertia reflected to the load location, for example, is Jgr.
‘We may then express for Fig. 8:

Ji = dg v J g g2 Q9
2
J = duert el p(g—FJ Iy 25)
gr

where J; and J; are the total inertias reflected to the drive and load
respectively. Sirnilarly for the fiiction coefficients it may be shown
that

* -
Cq =ci+Cygr 2 (20)
Idler
Pulleys
Load 4 N Equivalent
J \\'ep Mant

Rotary damping
[rmodeled as vizcous)

I% 8. Rigidbody ZHE =g,
Fig. 8. Rigid body plant model.

o =agri v @7

where ¢, and ¢;" are the total reflected friction constants at the drive
and load.

For many applications involving servo drives, non-ideal effects
such as drive flexibility, backlash, static and kinetic friction, and other
nonlinearities are sufficiently small, thus the plant may be modeled as
a simple rigid body obeying Newton's second law. From Fig. &, it can
be expressed

Jd*gl +Cd*91 = TD or JI*HZ +Cl*92 = ngD (28)
which has the Laplace transform:

6,(s) 1
T,(s) s(J,)s+¢,)

br(s) g
Tp(s)  s(J s+¢)

29

Ifthe friction is neglected these equations can be further reduced to
J, 6 =T, J'0,=gTp (30)

6(s) __ 1 6 e
T,(s) J,/s° Tpls) J's?

GD

4. Flexible drive dynamics

A model of the emulator plant with flexibility in the drive train is
shown in Fig. 9a. Using the free body diagram of Fig. 9b and
summing torques acting on.J;, following equations can be obtained by
Newton's second law (in its rotational form)

(Fi =By =26, = 1,6 (32)
o Jifh + oy + 2k, (116, ~ 1,0, I =0 33)

By defining a torsional {or rotary) spring constant
k=2k 17 G4)

Finally, the desired equations of motion are obtained in two
coordinates:

Limear spring

constart, ¥z,
\ o

F = Bth(vpaberisy)

B= ok v paflrife)
w

Drive

Rotsry damping
[modeled as viscous] Cath

a) Dynamic system bj) Load Inertia

1% 9. Flexible body ZWE 29
Fig. 9. Flexible body plant model.
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J; 6 +cf, + k(gr*ztsa1 - gr_lé’z): Ty 35)

Jiby + o6, + k(g2 - gr_191)= 0 (36)

Converting to state space representation, then

X =AX + BT(?) 3
Y=Cx 67
where:
8
x|,
&
6,
0 1 0 0
e ~kgr 210, —eld) ke1g) 0
- 0 0 0 1
kg1, 0 NN
0 c, 0 0 0
1/J; 0 C, 0 0
B= 4 c= 2
0 0 0 ¢ 0
0 0 0 0 C

and C; = 1 (i=1,2,3,4) when X; is an output and equals 0 otherwise.
From the Laplace transform we have:

Oi(s) Jis?vcostk

= 38
o) D) 9
O,(s) _kigr (39)
Tp(s)  D(s)
where
D(s)=J, Jis' +(J e, + g )
+(Jd*k-l-Jlgr’zk+clc2 )s2 (40)

+ ( ck+ czgr’zk)s

In systems where the flexible element contains a significant fraction
of the plant damping, it may be useful to include this damping in the
plant model. Such damping may arise is when the flexible element is a
drive belt. The inclusion of the coupled friction is not necessary in
many practical applications. It does render better agreement between
simulation and system test results.

IV. EXPERIMENTS

The industrial emulator described in previous section is used in
designing each controller. The PID, L.QR and RIC controllers are used
for rigid and flexible body to compare performance of the command
tracking and disturbance attenuation. The initial conditions of each
controller are shown in Table 2.

The experimental setup includes a PC based control platform and a
brushless DC servo system shown in Fig, 6. The disturbance signal d
is applied to the load disk via a 4:1 speed reduction from a disturbance
motor.

Mol - 22 - AARES =2X H 14 &, " 11 & 2008. 11

T 2.7 AN A F 27124 o5
Table 2. Initial conditions and gains used each controller.

PID LQR RIC
Lo o] s

| K=04143 .

=lo 0 0

l;i‘d K~=04 0 . J,=0.08
Y | K~00208 000 ¢, =0.04
R=10 D=1~10
0.0 0 0 | k0258
2582 06000 k~0.0178

Flexible £;=0.258 0= 0
oot K~056 001 0| | J=00
Y| k00164 000 0 | =006
Ro10 D=1~10

1. Control of rigid body

In this comparative experiment, we use PID control as a reference
to compare the performance of disturbance attenuation. All of
experiments use same reference command and same disturbance.

In RIC structure, K¢s) is chosen as
1 D(s) _
K(s)= FxD) [ } (Jn()+cn)D(s) @l
Then the Q-filter of DOB has the form of
__D)
Q(s) = S+ D) 42)

And the external-loop controller is represented by PD controller
with K;=0.4143, K =0.0208.

Disturbance [volts]
=
Il

Time [sec)
@ =% o<
(2) step disturbance.

0.5

00 -

—-OSJ

Disturbance [wolts]

Time [sec]
(b) 4d 3 9.
(b) sinusoidal disturbance.
7 10, 9] He)
Fig. 10. The shape of disturbance.
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80 4

Encoder 1 position [degrees]

T
10
Time [sec]

T 11, o] fg wfe] 7h Alor]e] A g
Fig. 11. Step response for each controller without disturbarce.

100 5

Encoder 1 position [degrees]

Time {sec]

% 12, el )1 W] 7 Aloj71e] Akl g S
Fig. 12. Trapezoidal responses for each controller without dis-
turbance.

The practical plant parameters were calculated by using the rigid
structure of section II1. It can be represented as

ki 497

P(s) =—— = - 43)

Jg s +ey s 0.00425°+0.0071s

The reference nominal model of the system was selected as
Pls)= e e

Tps? weps 0.005520.008s

Two kinds of disturbance signal, step or sinusoidal form shown in
Fig. 10 are applied to load disk. Maximum disturbance is 1 volt (= 0.2
N-m). Two kinds of reference command, step and trapezoidal profile,
are used. Maximum reference command angle is 4000 cournts(=90
degrees).

Fig. 11 and Fig. 12 depict the step responses and trapezoidal
responses of each controller when the disturbance is not applied. The
rise time for step command is about 0.11 sec. From the results, the
trapezoidal responses have better performance than step responses.
Since the motion control system usually adopts trapezoidal profile,
these three controllers can be applied into motion control system from
experimental results. The response of RIC controller has the best
performance.

Fig. 13, Fig. 14 and Fig. 15 show the disturbance attenuation
property of step responses and trapezoidal responses of each controller
in the presence of step disturbances. For step command, RIC has the

120 4

mo-\
E [y ‘?/&‘—
@ S e
S el
3
= ———Lar
= |
s ¥ —RIC
e - PID
8 40
5
2 o0
(%)
=
wl
0
-20 -4 T T T T
1} 2 4 B 8

Time [sec]

™ 130 28 97 I7MAS 2 Aloj7]e] AR S
Fig. 13. Step response for each controller in the presence of step
disturbance.

|

100
80
60

o]

20

Encoder 1 position [degrees]

D
.
N
o
@
1

Time [sec]

T 14 25 R AVRAj e ARl S,
Fig. 14. Trapezoidal responses in the presence of step distur-bance.

Tracking error [degrees]

0 2 4 il 8
Time [sec]
a2 15, 25 2] thE PID, LQR, RICS] F+F- 9 KAt
= 749,
Fig. 15. The tracking error of PID, LQR and RIC with step
disturbance(trapezoidal case).

best performance in view of attenuation property of disturbance, even
though larger overshoot occurs in the transient response. In case of
trapezoidal responses, the RIC has the much better performance than
LQR, and PID. Fig. 16 shows only the tracking errors of each
controller. In case of RIC, when the step disturbance is applied, the
spike-like error occurs. But the error of RIC caused by disturbance is
attenuated very quickly unlikely the error of PID case, which
decreases very slowly.



Tracking error [degrees]

Time [sec]

I% 16. AET &7 17HA9] D] W3l tiF RICY] F+F
Q) v,

Fig. 16. Comparison of tracking error of RIC vs. D in the presence
of sinusoidal disturbance.

Tracking error [degrees]

Time [sec]
9 17. 48T 9| <17tAl9) DO} W] g RICS] FF
LX) v)al,
Fig. 17. Comparison of tracking error of RIC vs. D in the pres-ence
of sinusoidal disturbance.

Specifically, when D is large enough or the system is operated in
low-frequency range, we can predict that if D is increased by N timies,
the error will be reduced to its 1/N, approximately. In experiments, D
is not polynomial, but constant. Fig. 16 and Fig. 17 show the tracking
errors of trapezoidal command for various D when the sinusoidal
disturbance is applied. If D is increased from 1 to 10, the tracking error
is reduced from 6 degrees to 0.6 degrees. Consequently, it can be seen
that the performance variation governed by the gain D of RIC
compensator.

Now the experiment to compensate the friction is performed to
consider affection by it. Friction exists to some extent in all practical
mechanical systems. It may be modeled as being a combination of
static, Coulomb (kinetic), and viscous types. Coulomb and static
fiiction magnitude are often greater than viscous friction and
deteriorate the control design problem in that they are nonlinear. In
small amounts they may actually help to stabilize a system, but
generally are deleterious to tracking and regulation performance. To
apply Coulomb friction, place a single 0.5Kyg brass weight at =10 cm
on the load disk and adjust the clamp such that the load disk rotates
very slowly (or rotation is initiated by very slight downward force on
the weight). Approximately 0.5 N-m of friction torque is applied to the

Mol - 22 -

22X M 14 3, W 11 = 2008. 11

>
>
0z
i
_@
rir

60 4

40 4

20

position Command [degrees]

T T T T T T T T 1
0 2 4 6 8 10

Time [sec]

a7 18 vpRARIA Y VENY T2,
Fig. 18. Reference command profile used in friction experiment.

Tracking error [degrees]

Time [sec]

7 19, vk QA1) FE 2L

Fig. 19. Tracking error in the presence of friction.

load shaft when it rotates. Fig. 18 shows the reference position profile,
Distance=4000 counts, Velocity=8000 counts/sec, Dwell time=4[sec].
Fig. 19 shows the tracking errors of each controller in the presence of
Coulomb friction. Spike-like tracking errors occur in the time of
discontinuous motion for each controller. RIC has the shortest
stabilizing property to aftenuate friction, even though the spike-like
error occurs. But it is shown that the spike-like error does not occur in
discontinuous motion from Fig. 14 and Fig. 15, the results without
friction. It is shown that the fiiction is main factor to ocour spike-like
erTor..
2. Control of flexible plant

In this section, we try to do experiment for the plant with drive
flexibility. The belt of industrial emulator is replaced by flexible one.
The model of our plant belongs to a class having two degrees of
freedom(DOF) corresponding to normal modes of oscillation
(actually one oscillatory and one rigid body mode in our case) and
hence is of fourth order. The block diagrams of the system for time
and Laplace domain analyses are shown in Fig. 20 that gives details of
the location of &, gain elements in the signal flow. The signals 6, and
05, are the respective angle measurements in encoder counts.

2.1 PID control

The PID control is conducted for the 2-disk flexible system where
the feedback signal, 8, is of the drive disk. But the results figure shows
load disk angle 6,. The PID responses are shown by dotted line in Fig.
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Time Domain

s . PR - Lineatized Plant Mode|
: Prefiter Control
)

Wotorf
Amplifier

&
7]

Encoders

(fused)

i Controller

Laplace Domain

B SO Linearized Plant Model
i Prefiter

s

Caontrol
Effort

DAC

Motor/

 (if used)
{ Arplifier

Software
Gain

Lo
i Comoter E : D—

29 20.2DOF AE 93 BE5(SIMO).
Fig. 20. Block diagram for 2 DOF control (SIMO).

Encoder 2 position [degrees]

Time [sec]

717 21. Flexible bodyll thh 2} Ao 7)e] 8l g5t
Fig. 21. Step responses of each controller for flexible body.

a]

Encoder 2 position [degrees]

Time [sec]

Z1¥ 22. Flexible bodyll thak 2+ Ao 7] o] Alvhe]i g5
Fig. 22. Trapezoidal responses of each controller for flexible body.

21(step command) and Fig. 22(trapezoidal command).

2.2 RIC control

In RIC experiment, the same structure as rigid body case is used.
The only encoder 2 signal is used as feedback signal. The experiment
results are shown by solid line in the Fig. 21 and Fig, 22.

2.3 Full state feedback LQR control

The states chosen are the disk angles and rates according to the

. 11, November 2008 1101

model of section IIL, the feedback encoders measire the angular
outputs. The encoders are backwards differentiated in the controller to
provide a rate measurement and hence the four defined states are
available for control. The state feedback controller was designed with
weight values: R = 1.0. In the block diagrams of Fig. 20, the prefilter
gain K, must be set equal to grK; + K;. The LQR experiment results
are shown by dash lines in the Fig. 21 and Fig. 22. LQR design ofien
provides well-behaved, relatively high performance controllers for
servo equipment with drive flexibility. It may be readily implemented
whenever full state feedback is available.

V. CONCLUSION

Through the motion control experiments using Industrial Emulator,
the performance comparison of three kinds of controllers such as PID,
RIC and LQR was carried out in view of the command tracking and
disturbance rejection property. It was shown that RIC has the best
performance in tracking and disturbance rejection for rigid body plant,
but has big overshoot in case of step command. On the other hand,
LQR with full state feedback has the best tracking property for the
flexible body.

The design procedure of PID controller is very simple, but the
performance is not good as compared with others. The design
procedure of LQR in the state space is the most complicated even
though it is the most advanced modern controller. The additional state
observer should be augmented in order to estimate disturbance, which
makes the control system more complex. The design process of RIC
lies between PID and LQR in view of complexity of design procedure.
Considering all these aspects, the RIC might be suggested as high
precision controller for motion control system.
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