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‘Abstract
This paper presents the state feedback controller with minimum-order observer design
for crane system. Linear state feedback gain and observer gain are computed based on the
linearized mode! of the crane systerﬁ employing the concept of coefficient diagram method. The
simulations show that the proposed design scheme results in the crane control system with

stability and good performance.
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Abstract

This paper presents the state feedback controller with
minimum-order observer design for crane system. Linear state feedback
gain and observer gain are computed based on the linearized model of
the crane system employing the concept of coefficient diagram method.
The simulations show that the proposed désign scheme results in the

crane control system with stability and good performance.

Keyword: minimum-order observer, crane system,. CDM, state

feedback
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Linearizing the above equations around the equilibrium point
x=0, =0, x=0and 6=0, the linear state equation and
output equation of the crane system can then be obtained in

@).

x(1) = Ax(t) + Bu(t)

¥(0) = Cx(1) @
where x(¢) = [x 0 x é]r
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M. CDM CONCEPT . P
In CDM, the controllers are designed based on the stability
index y, and equivalent time constant 7 which are

synthesized from the characteristic polynomial of the closed-
loop transfer function

P(s)=as"+a,_s"" .. tas+a, (5)

From the characteristic polynomial P(s) given in (5), the
stability index y, and equivalent time constant 7 are

respectively described in general term as the following
equations [4]

¥, = a'2 , (=1,2,..,n-1) (6)
al—lai+l

=2 0
a,

In order to meet the specifications, the equivalent time
constant 7 and-the stability index y, are chosen from

{

—__s ]

253 @)
7, >1.5¢, )

where £ is the specified settling time and ] is the stability
limit defined as

7i=m—t 2 pr= (10)
' YVim Vg oo
In general, the following standard stability index
Y ==V3=¥,=2, 3, =25 an

is recommended for design an appropriate controller.
Consequently, the characteristic polynomial can be

~expressed in term of stability index y, , equivalent time

constant 7 and coefficient a, as

P(s)=a, “i [ﬁ+](rs)’ ] +75+ l] A
2| gt 7'_1

In case that the monic characteristic polynomial (a, =1) is

required, the characteristic polynomial (12) must be divided
by a,, where

(12)

Then the corresponding monic characteristic polynomial is

([
P ()=———|3> H'_;— (zs) p+7s+1
(AN B e -

=5"+a, " o ts+a,.

(13)

IV. CONTROLLER DESIGN

The overall structure of the proposed system consisting of a
servo state feedback controller, minimum-order observer and
the crane system is shown in Fig. 2.

The servo state gain matrix K, consisting of state feedback
gain matrix K and integral gain %, for the servo state

feedback controller and the observer gain matrix K, for



Fig. 2. Structure of the proposed control system.

minimum-order observer will be designed based on CDM
concept. The details will be described in the following sub-
sections.

A.  Servo State Feedback Design

An integrator is augmented to the crane system (4) in order
to reject the steady-state error of the cart position. Thus, the

output matrix C is reduced toH=[1 0 0 0]. The state

equation and output equation of the servo system shown in
Fig.2 are given as follows

X, ()= Ax,(0)+ Bu(t)+ Fr() (14
y(®)=Hx, (1) 15)
where y(¢) is the controlled output cart position, »(¢) is the

cart position reference signal of crane system and e(t) is the
augmented state variable for the cart position output, and

o4 a-fe )

x,(t)=[:((:))].

If the pair of 4 and B of (4) is completely controllable and

-H, 0

A B
the matrix l: ’ ‘]‘ is full rank, then the pair of 4, and
B, of the servo system (14) is also completely controllable.

In this case, the closed-loop characteristic polynomial can be
freely assigned to meet the required specification by properly
adjusting the servo state gain matrix K, .

Defining the linear transformation

x, (=T,

the controllable form of servo system (14) can be obtained via
the suitable transformation matrix T as

z()= A.z(t)+ Bu(t)+ F.r(t). (16)

The corresponding transformation matrix T for transforming
the original servo system (14) into the controllable form (16)
is :

T=MW 17

which is obtained from the controllability matrix M
M=[B, 4B 4B .. 478, |

and from the matrix W [6]

8 & - 6., 1
5 & 1 0
w=|: o o] ,
S,1 - 0 -0
10 0 0

where 6, ,,...,8, are the coefficients of the open loop
characteristic polynomial defined in (18).

Py(s)=|sI— 4

=5"+8, 8" 4+ 4+ 5,5+ 8, (13)
Therefore, the control law u(f) can be assigned as
u(t) =~K.z(t) =—[1€, ky -k lén]z(t) 19)
or equivalently in term of its original state vector as
u(t)=~K.T"'x,(6) = -K,x, (1)
=—[k ky - ko k,]x.(0) (20

where K, =[k k, -+ k., i k]=[K —k]. Consequently,

the closed-loop characteristic polynomial of the system (16)
becomes

P,(s)=|sI- 4.+ B.K,|

~ ~ A . (2])
=5"+(k, +6, )" +---+(k, + )5+ (k, + 5,)
Finally, the gain matrix K, for the controllable form of the

servo system (16) can be obtained by equating the closed-loop
characteristic polynomial (21) to the desired characteristic
polynomial (13). :

n

K, =[ao"5o @00, _5n-|]

Substituting the gain matrix K, into (20), the servo state
feedback gain matrix K, of the original servo system (14) is
derived as



K =[a-8 - @,,~0,,ia,,-0, ,]T". (22

B.  State Minimum-order Observer Design

Consider the crane system (4), the state vector x can
obviously be portioned into two parts as x, and x, . Here

X, is equal to output vector y and thus can be directly
measured, and x, is the unmeasured portion of the state vector

that must be estimated. Then the partitioned state and output
equations become

ia(’) Ana 5 Aab xa(t) Ba
cevees =] cececiiannee {eennen +1 ... u(t) (23)

y@=[ 0] . 24)

From (23) and (24), the state minimum-order observer-

equation can be obtained

%,(0)= (A = KA, (0 + 4,%,0) s
+Bu(t)+ K, A4,x,(¢)
where X,(f) is the estimated state variable of x,. If the pair
of 4,,and 4, is completely observable, the state minimum-
order observer gain matrix X, can be designed. In order to
design observer gain matrix X, , the standard stability index
7, in (11) are used and time constant 7 is selected to be three
time faster than in servo state feedback gain matrix K, . Based
on duality and separation principle, the observer gain
matrix K, and servo state feedback gain matrix X, can be
assigned independently. The observer gain matrix X, can be

designed in a similar way as the servo state feedback gain
matrix X, . Therefore, the details are neglected here.

V. SIMULATION RESULTS

In this section, the simulation results of the crane control
system using the proposed CDM based servo state feedback
controller with minimum-order observer are conducted by
MATLAB/Simulink.

TABLE 1
PARAMETER VALUES OF CRANE SYSTEM
M(kg) | m(kg) | I(m) | g(m/s®) K, b, (N sec/m)
6.12 1 1 9.81 0.6281 1224

Utilizing the parameter values of the crane system shown in
Table I [7], its linear model (4) can be obtained with

0 0 1 o0 0
0o 0 o0 1 0
= aB=| " |.
0 -160 -2 ol ™3|,
0 -1141 -2 0 0.1

Consequently, the servo state feedback gain K, and minimum-
order observe gain K, can be designed based on CDM as
mentioned in section IV. Using time constantz =1.5 seconds
and standard stability index y,=2.5and y, =y, = ¥, =2.
The servo state feedback gain can be computed as

K, =[490.49 26441 24147 -131.04 -326.99],
or the state feedback gain matrix
K = [490.49 264.41 241.47 -131.04]
and integral gain
k =-326.99.

Similarly by using time constant 7 =0.5 second and standard
stability index y, =2.5, the following state minimum-order

observer gain K, can be obtained.

K - 0.50 -1.94
¢ 1-006 250
The responses of the designed crane control system are
then simulated by using Matlab/Simulink.

A.  Initial Responses

- In this sub-section, the cart position x at 1 meter, the load-
swing angle @ at 0 radian, the cart speed x at 0
meter/second, the load-swing angle speed 6 at 0
radian/second are set as the initial values. Fig. 3 shows the
responses of the cart position and the load-swing angle and
Fig. 4 shows the estimation errors of state minimum-order
observer (i—%,6-0). It can be seen from the simulation
results that the controller has good performance in controlling
the system around the equilibrium point. The servo state
feedback controllers are settled- within-4 seconds- and the
minimum-order observer can be estimated unmeasured state
variables (;é, é) within 2 seconds.
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Fig. 3. Cart position and load-swing angle.
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Fig .4. Cart speed error and load-swing angle speed error.

B.  Step Responses

The responses due to the constant reference cart position at
I'meter are shown in Fig. 5. It is seen that cart position can
track reference value within 4 seconds without steady state
error. The oscillation of load-swing angle is less than +0.12
radian and damped out within 3.2 seconds.
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Fig. 5. Cart position and load-swing angle.”
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Fig. 6. Cart positions due to load variation.
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Fig. 7. Load-swing angles due to load variation.

C. Effect of Load Variation

In this sub-section, the effect of the load variation is
investigated when the mass of load is varied from 1 kilogram
to 3 kilograms and ‘5 kilograms without redesigning the
controller. The simulation results due to applying step
reference input are shown in Fig. 6 and Fig. 7. It can be seen
from Fig. 6 that the cart position can properly track the

reference within 4 seconds, 7 seconds and 9 seconds’

respectively. From Fig. 7, it can be noticed that the oscillation
of load-swing angle is still less than +0.12 radian and
damped out within 4.3 seconds, 6.2 seconds and 8.7 seconds
respectively.

In short, the designed crane control system can maintain its
good performance even when the mass of load is significantly
varied with no need to adjust the parameters of the controller
which are originally designed for the mass of load at 1

kilogram.

VI. CONCLUSIONS: -

The design of servo state feedback controller with
minimum-order observer based on CDM concept has been
presented in this paper. The simulation results show good



performance and robustness of the designed crane control
system. The proposed controller can control the cart position
at the desired position without steady state error in short
period of time while the load-swing angel can be kept
sufficiently small.
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