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An Automatic Travel Control of a Container
Crane using Neural Network Predictive PID
Control Technique

KEYWORDS : Automated transfer crane(ATC), Neural network(NN), Anti-sway control, NN self-tuner, Predictive control

In this paper, we develop anti-sway control in proposed techniques for an ATC system. The developed algorithm is to
build the optimal path of container motion and to calculate an anti-collision path for collision avoidance in its
movement to the finial coordinate. Moreover, in order to show the effectiveness in this research, we compared NNP
PID controller to be tuning parameters of controller using NN with 2-DOF PID controller. The experimental results
Jor an ATC simulator show that the proposed control scheme guarantees performances, trolley position, sway angle,
and settling time in NNP PID controller than other controller: As a result, the application of NNP PID controller is
analyzed to have robustness about disturbance which is wind of fixed pattern in the yard.

NOMENCLATURE

XYZ = the fixed coordinate system
xpyrzy = the trolley coordinate system which moves
with the trolley
& = the swing angle of the load in an arbitrary direction
in space
(Xm>Ym»Zm) = the position of the load
[ = the length of rope
M M, M;= x,y,and [ components of the crane mass
and the equivalent masses of the rotating parts such as
motors and their drive trains
m = the load mass
g = the gravitational acceleration
v, = the load speed
Dy, D,,, D, = the viscous damping coefficient associated
with x, y,and [/ motions
Sis fy» fy = the driving forces for the x, y,and /
motions
Xg,Yg = start node coordinate value
XG>y = goal node of container coordinate value
X,, ¥, = standard coordinate value of current node
X, ¥, = contiguity node from current node
X, ¥, = standard node value

1. Introduction

Recently, the increase of quantity of goods transport is expected
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by Super Post-Panamax Vessel's appearance. The growth of
international container transport has led to increased demand for quay
and terminal capacity in ports all over the world. Therefore, necessity
of automation of container port handling equipments are risen to
reduce of transfer logistics cost and improvement of terminal
operation efficiency. Moreover, to accomplish the goal of the program,
a highly automated terminal has to be developed. Although,
robotizing is not the main goal of the program, it is the opinion that
handling containers with a throughput of 500,000TEU a year or more
can only be done economically and efficiently by robotizing stacking
and terminal transport.

Specially, the project aimed at increasing terminal productivity,
both with crane that is divided a system of an AGV and an ASC.
Moreover, the improvements in stacking height and efficiency were
suggested by using container categories. Terminal productivity is a
matter of good and appropriate technical systems on the one hand and
the right management on the other hand. In the last decade, we have
seen an increase in complexity of the technical systems, especially in
the introduction of semi-automated systems. Rotterdam’s ECT
terminal has been leading in this respect with the introduction of an
AGV and an ASC at the former Delta-Sealand Terminal in 1992. An
automated transfer crane(ATC) control system is required with
highest productivity. This tendency may also show the optimal way to
solve the employment problems, the cost saving problems and the
improvement of efficiency in port systems™.

To consider nonlinear elements of an ATC, we are to design the
controller for crane automatic position and anti-sway. PID controller
has been widely used in actual industry because of its convenience
and ordinary usage for user. As transfer crane has lots of dynamic
characteristics, PID parameters must be changed in varying
conditions automatically. An ATC can have controlled using Neural
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Network(NN) that is one of robust intelligent control theory about I 2 .2 -

nonlinearity”°. D= 5 (D™ + D,y + D7) Q)
In this paper, we would develop an ATC system with anti-sway

above three techniq'ues and construct proposed controller in on-line For, small swing, we know the following conditions:

manner. The experimental results are shown that an ATC system

controll.ed by the proposed controller has better driving performances sing, ~6,, sind,~6,

and anti-sway than the others. ®)

2. Automated Transfer Crane

2.1 Generalized coordinates of an ATC

Fig. 1 shows the coordinate system of an overhead crane and its
load. In this paper, we assume that the considered overhead crane
system is satisfied with the following conditions:

(1) A transfer crane supposes that do only plane moment, that is,
the sway of container supposes that happen in plane made by
transfer direction and container of trolley.

(2) The container has hanged down in rope that there is no mass.

The origin of the trolley coordinate system is (x,y,0) the fixed
coordinate system. Fach axis of the trolley coordinate system is
parallel to the counterpart of the fixed coordinate system and
9=(6,.6,Y .

Xy

Fig. 1 Coordinate system of an ATC

Then, the position of the load in the fixed coordinate system is given
by

Xy =x+[sing, cosd, 1)
Ym =y +Ising, )
z,, =—lcos b, cos0, €))

2.2 Motion equation of an ATC

In this section, the motion equations of an ATC system are
detived using Lagranges equation™*’. Especially, the load is
considered as a point mass, and the mass and stiffhess of the rope are
also neglected. The kinetic energy of an ATC and its load K and the
potential energy of the load P are given as follows:

1 . ~
K:E(Mxxz +M,37 +M,lz)+%mv2 4)

m

P =mgl(1-cosb, cosb,) )]
where
Vo =0, 4 2,
=i+ + 1P+ 1707 cos” 0, + 176}

+2(Isin g, cos8, + lé"x cos b, cosd, — lé‘), sin &, sin 8, )x

+2(Isin8, +16, cos6,)y (6)

Also, Rayleigh’s dissipation function is described as follows:

cosf, »1, cosd, ~1

In this case, the high order terms in the nonlinear model can be
neglected with the trigonometric functions approximated. Then the
nonlinear for an ATC system is simplified to be the linearized model
as follows:

(M, +m)i +mlé,+ D x= f, ©)
(M, +m)j+mif,+D,y= f, (10)
(M +m) + Dyl —mg = f, (11)
16, +i+gh. =0 (12)
10,+5+g60,=0 (13)

In this crane system, the object to be controlled is the trolley
position, the wire lope length, and the load swing angle. Also, this
linearized dynamic model consists of the travel dynamics egs. (9) and
(12), the traverse dynamics eqs. (10) and (13), and the independent
load hosting dynamic eq. (10).

3. Path Planning Method of an ATC System

3.1 Problem statement of path planning

In case that an ATC system transport containers in yard, it can be
distributed into 5 actuation varieties as shown in Fig. 2. In this figure,
the section AB exists an only perpendicular motion of hoist to B point
and has the maximum perpendicular velocity, the section BC
increases maximally when the velocity of trolley is 0. The other hand,
the velocity of hoist decreases maximum to minimum. Also, a swing
angle of an ATC system may be 0 at the point C as possible as one
can. The swing angle in the section CD exists small and the
maximum horizontal moving of trolley exists only. Finally, the
section DC and EF have the reverse action between the section AB
and BC, respectively.

ke Codn ARE

Fig. 2 Each transportation path of an ATC

In this paper, we shall propose the optimal path moving method in
order to solving the path moving problem of trolley in an ATC system.
Therefore the technique development for investigating the moving
paths is required to many researches in order to improve work ability
of an ATC system and prevent a loading container from collision in
yard. To assign the optimal path for container moving in this research,
we propose an effective search algorithm for collision avoidance path
which connect both the incoming position A of containers and the
outgoing position F and develop the tracking of assigned collision
avoidance path and the predictive moving algorithm for transporting
containers in the minimum time simultaneously””.
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3.2 A path search and minimum distance calculation
for moving an ATC

(R Y (Y JOG V00 Y %, )

B : Target cortainer [ : Container profilz [{] : The space for anti—collision

Fig. 3 An imaginary transportation path and an ATC profile

In this paper, the containers are divided into lattice format of a
rectangular parallelepiped as size and configuration of theirs, and
each unit-lattice is composed by the characteristic coordinates
(X;,Y;) as shown in Fig. 3. To apply a yard map concept, the
method for searching the path, which does not happen to collision
between a carried container and various equipments, is summarized
as follows:

(1) First, we must frame the yard map to indicate various
avoidance distributions in yard. Therefore we use 2-
dimensional lattices of a right-angle hexahedron in order to
draw the yard map. Each lattice is used to specify proper
addresses, ie., the address (X,,Y;) is defined by the 7 -th
address x; on x-axisandthe j-thaddress y; on y -axis.

(2) To apply configuration space technique, which that the
container is described as one point through the extension of
container size for moving around a carrying container
expressed in the yard map, we reframes the yard map into
search space construction.

(3) We apply an optimal method for searching anti-collision path
in yard space. In this paper, we select the optimal method for
tracking the reference point based on experience information
among available search methods.

To track the reference point effectively using Best-first search
method, we first decide the evaluation function as follows:
anldl +0!2d2 +0!3d3 (14)
Here, o;(i=1273) are weight values. In this paper, the

coordinate point of container profile could be set as the following
conditions;

(1) d: Tt is defined by value that reflects the XY -plane upper
from removable contiguity node ¢ to goalnode G .

dy =(x ~ %)% + (g~ 1)’ (s)
(2) d,: 1t is defined by the orthogonal distance to line segment
that connects the start node S and the goal node G in
contiguity node ¢ projected XY -plane upper to altitude as

follows:
ax+by+c=0
a=yYg—YVs- b:xS’—xG (16)
c=(xg —xg)ys —(¥g = ys)x .
where the equagon othtralght ﬁne dy, is given by
ax, +by, +¢|
PRCALTAL (17)

2
\laz-sz-‘rc2

(3)  dy: The equation of straight line ; and I, is defined by
X=X y-y z-z
Ll N £ = 2 = L = tl
l m n
(18)
X=X y-y z-z
Lz . LA P = L :tz
I #iy n
where
h=x,-x,, bL=x-x
nll:yn_yp’ My =Y =Yy (19)
M =2,-Z, MTIi—I,
Then an angle dj is represented by
C()Sd3 _ 1112 +mym, + miny (20)

~
\/l:‘+m]2+n12\/122+m%+n%

™= Transfer path of contalner Qi Target container
that use path plan Container profile

Fig. 4 The path search of reference trajectory for an ATC profile

Therefore, the anti-collision path express the knot point located in
the conveyance path of container, and then each cross point also
represents the reference point of unit-lattice as shown in Fig. 4.

The anti-collision path is specified by the selection of weight
values «;, a,,and a3 used in Eq. (14), then we can search for the
value of evaluation function that can be optimal path. The terms d|,
dy , and dy in Eq. (14) are to guarantee approachability for
searching the goal node, to be not escape from straight line between
start point and goal point, and to select that the variant of direction
angle of straight line to be connected by the created nodes,
respectively.

4. Design of NNP PID Controller

4.1 PID controller

In this paper, we will compose PID controller with 2 DOF that
contains feedback type as shown in Fig. 5. This controller is very
good effectiveness not only the estimation performance of fixing
value but also the removal ability of disturbance. Therefore we study
the problems to apply the position of an ATC and the anti-sway
control of load.

2 DOF PID Controller

T T ! lm)
I

I —

RO F ) 1 LY ¥
— Kv(]/{z)+K‘~§+Kd(1—ﬂ)x T ATC —

I [ -

! B S |

|

|| FKp+ﬁde |

I . |

] |

T ]

| ]

Fig. 5 PID controller with 2 DOF for an ATC
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First, the controller output in Fig. 5 is described by

Ki
U(S)=E(S){Kp(l—a)+-s—+(1—ﬁ)}KdS} @n
—(aK ), + fK45)Y ()

where K P K;,and K, are gains of PID controller, respectively,
the goal position and the swing angle of load is set by Y(s), and the
parameters « and f derive from the transformation of PID
controller for various types. Moreover the necessary parameters for
PID controller given by Eq. (21) is computed by NN auto tuning, and
then the position error, length error of rope, and swing error are
composed by the estimations of 15 parameters, respectively. The
disturbance D(s) is also considered by a strong wind of regular
period at all times as follows:

F, = p(3sinwt+7sin 2wt + 5sin 3wt @)
+4sindwt)
where @ is fundamental frequency of wind and p is wind
magnitude.

4.2 NN modeling and predictive system

NNP system is composed of predictive system based on the
present input/out information which is learned by executing the
modeling learning about plant. The block diagram of neural network
modeling learning and the proposed structure of 2-step NNP are
shown in Fig. 6 and Fig,. 7, respectively.

Back Propagation
Nenral Network Model ‘}
O
<~

Pml®) e(0)

A 4

()

Fig. 6 Modeling of neural network

Ppe+2)

o e

Neural Network Predictor 1

Fig. 7 Structure of neural network predictor

In Fig. 7, the control parameter is the position and angle of trolley.
Also, the predictive output get using two NN predictors and the
structure consists of 2-step predictor

4.3 NN predictive PID controller

we will propose the design results for PID controller to have
ability to eliminate the disturbance and the performance to pursuer a
target in order to control the stacking an ATC system. The proposed
NNP PID control system is shown in Fig. 8. In this figure, the system
configuration is composed of 3 parts; i) Neural network predictor, ii)
Neural network auto tuner, iii) PID controller. Neural network
predictor can estimate the future output from the input information of
current input/output of plant, and then NN auto tuner in order to

compensate errors between the calculated predictive output and
current output of plant computers parameters of controller through
on-line learning scheme. Also, we used PID controller used to an
industrial fields widely.

Disturbance

Ya-postion () P pesiion &)
Va-wgie (O Yage ()
Yettengih (1) Yo ()

€p pasiion (£)

Fig. 8 Block diagram of NNP PID controller

In general, PID controller is known that this controller to have a
simple structure is easily realized by linear controller and should be
ensure robustness certainly, however the actuate point of control
system to require adaptiveness can not be sufficient control
performances.

€p-pastion (1)

€5 posivon (1) Kyt
) agie () Koo
[Fa— Ka-age
o () K ptorgen
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o (1) i :“”"’”"
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o
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|\ P
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B

Fig. 9 Neural network self-tuner

To overcome this problem, we will compute parameters of PID
controller using NN auto tuner and the structure of NN auto tuner is
shown in Fig. 9. Here, we use the momentum back propagation
learning method and the input layer vector is composed of the error,
the deviation of error, the predictive position of trolley, and an angle
output and desired value. The activation functions of both hidden and
output layers are sigmoid and linear function, respectively.

Here, we used NN algorithm to tune the parameters of PID
control in online manners. The discrete time version of input of NNP
PID controller is represented as follows:

) ={(1-ak, yle,O)=e,(t-)+k e, ()
= Bykg_pley(t)=2e,(t=1)+e,(t-2)}
HA-a )k, e () —e,t-D)+k; 4e,(t)
+(1=Bodkg_a(e (1) —2e,(r—1)+e, (- 2))}
H-apk, [(et)-e-D)+k e

+(1=Bpky 1(e(t)-2¢(1-1) +¢(-2))}

—{apk, (O -y,(t-1)

+Bpka (3, () =2y, (t=D+y,(-2))}

—{aaky, (a(t)=y,(t-1)

+Bakg o (o)~ 2y,(t =D+ y,(t -2}

ik, ((O-y(t-1)

+ kg (@) =2yt -1+ y,(F-2))} (23)
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where e(t) = [ep ® e, () e,(t)]T and the parameters given by Eq.
(22) are shortly described as the subscripts of parameters shown in
Fig. 9. Note that e,_,o4i0n(?) » €p angle) and e, j...p(1) are
expressed by e,(1), e,(t) and ¢/(t), respectively.

Also, the disturbance is used in Eq. (22) and the estimation
function is used error function using eq. (24). Also, Error function E
in eq. (24) can be minimized by adjusting weight values. Note that it
finds minimum of error function by the gradient descent. Based on
the gradient descent method, both output layer and hidden layer are
described by:

1
E= E[yd—position (t) - x(t)]z

1
E =~ {6a-ange() -0’ (24)
1
E =~V i-tengen () = YO
AW 4 (8) = -n;% +EAW 5 (1 -1)
Jjk
25)

AW (t) =7 5; +eAWy(t~1)

y

where 77 and & are the learning rate and momentum constant,
respectively.

Then the error signal of output layer is given by

5, = OF

Onet;,
_ OB Q@+ du(n) 80(k) (26)
o(t+1) Ou(r)y O(k) Onet,
where

nety =YW, 0; + 6, @7
J

Opj(k):fj(”etpj):fj(zwjioj) 28)

J

Using the chain rule, the update weights between hidden layer
and output layer is calculated by:

AWt +1) = 16,0, + AW 4, (0) (29)

5. Experiment

5.1 Configuration of an ATC system
The structure of an ATC simulator manufactured in this paper is
shown in Fig. 10.

Fig. 10 Structure of an ATC simulator system

The magnitude of an ATC simulator and the volume of a container are

W 3580x D540mmx H1640mm and W 600x D240x H130mm
respectively. Moreover the schematic diagram for experiment is also
shown in Fig. 11 and the manufactured ATC system is composed of
four parts; i) control part, ii) driving part, iii} communication part,
and iv) sensor part. In this system, since the information of driving
error is transmitted to DSP through RS232 communication, it can be
exchanged with the information for driving controller and composed
of generating the driving signals of each motor by receiving encoder
datum such as control algorithm in DSP, the distance and position
between trolley and hoist of an ATC system, etc.

As we observe the motion process of automatic driving control
for an ATC system shown in Fig. 11, we estimate an anti-sway angle
and position using potentiometer and encoder, respectively.
Furthermore we can compute a control input form the estimate value
to be inputted from PC, and then the velocity command of motor is
given by the control input calculated through DSP.

— DSP TMS 320 LF

Speed |

} Direction I
. Trolley > Motor driver Break
| comtroller Wi Speed o O om ! driver
H . Encoder :

).

—— Ny
loist  |—PSUOCION T ygior driver [ pp) M
controller K| Shged | using L6203 = ¥
Serial -

Interface

: ~ [ —_—— —
. A/D converter | Spreader & Container C)/ e '
(10bit) Poteatiometer sensor J

Laser distance i ]
Meter measurement

Fig. 11 Schematic diagram of an ATC system

5.2 Learning and test of NN model

NN tuner shown in Fig. 9 is tuned by eq. (23) on the one step and
by online. However the tuner was tuned enough to satisfy the
following condition without the actual plant by using NN models in
order to avoid an initial damage at the tuner applying. The parameters
of NN tuner such as weights were memorized whenever simulations
and experiments were performed. Then the parameters of NN tuner
are also specified as follows:

+ Hidden layer size: 38

+ No. delayed plant inputs: 3
No. delayed plant output: 8
Training samples: 10,000
Epochs: 50

NN learning samples and its results of identification of angle and
position model are shown as Fig. 12 and Fig. 13, respectively. In the
case of NN model for the position of trolley used the learning, the
learning is not performed well.

Input
=]

L i L n
5000 6000 7000 8000 5000 10000

Data No.

_ L L L
o 1000 2000 3000 4000

& ta —r

plant output (angle)
o

-5
[n) 1000 2000 3000 4000 S000 8000 7000

Data No.

8000 5000 100CG0

Fig. 12 Training data for NN angle model
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Fig. 13 Training data for NN position model
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Fig. 14 Test result of NN angle model
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Fig. 15 Test result of NN position model

Therefore the position of NN model is learned by trolley speed
with integrator. Furthermore the test results for both of NN models
are shown as Fig. 14 and Fig. 15, respectively. Errors between the

model and plant are less than 107,

5.3 Experimental results

Trolley Positionfm]

21

i
'

|

|

!
|
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\
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o 2 3 4 5 5 7T 8 3 W N o2 W W U5 16 17 18 18

Time[sec]

(a) trolley position [m]

Timefsec}

(b) angle [degree]

Fig. 16 Response characteristic of PID control

Fig. 16 and Fig. 17 show the experimental results with response
characteristics of PID and NNP PID controllers when the weight of
container for an ATC is 10[kg]. Here, when the final target position
and the initial angle of an ATC set up 1.5[m] and O[degree],
respectively, we experiment on the estimate state to the target position
1.5[m] of trolley.

Tl
B o ]
S
&
E - - — — e
TR
(a) trolley position [m]

/}n_gle[@ee]

gy ¥ Er R

5 o
Time[sec]

(b) angle [degree]
Fig. 17 Response characteristic of NNP PID control

Furthermore, we show the response characteristics of PID and
NNP PID controllers as shown in Fig. 18 and Fig. 19. In these figures,
the weight of container increases about 15[kg] and the disturbance is
also added by an initial state of disturbance.

Trolley Position[m]

c
© 18 3 43 B 75 8 105 12 135 15 168 1 105 21 225 2 S 2 265 30

Time[sec]

(a) trolley position [m]

Time[sec]

(b) angle [degree]

Fig. 18 Response characteristic of PID control

Moreover, the main characteristics of each item for PID and NNP
PID controllers with a wind force are compared with Table 1,
respectively. Compared with each term, we know that swing angle of
NNP PID controlier decreases more 0.1862[degree] than PID
controller and the amplitude of swing angle also decreases more
0.049[degree] than PID controller.
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Fig. 19 Response characteristic of NNP PID control

Table 1 Comparison of performances between PID control and NNP
PID control

Response characteristics PID NNP PID
Position settling time [sec] 14.95 14.20
Position error [m] 0.005785 0.004992
Swing angle [degree] ;116;232 ;1145(2)4618
Amplitude of swing -0.3376 -0.3430
angle [degree] ~0.2994 ~0.2450

6. Conclusions

In this paper, we develop anti-sway control in proposed
techniques for an ATC system. First, the developed algorithm is to
build the optimal path of container motion and to calculate an anti-
collision path for collision avoidance in its movement to the finial
coordinate.

In order to show the effectiveness in this research, we compared
NNP PID controller to be tuning parameters of controller using NN
with 2-DOF PID controller. The experimental results show that the
proposed control scheme guarantees good performances, trolley
position, sway angle, and settling time in NNP PID controller than
other controller. By using the proposed controller, there were
improvements of 4.7% and 13.6% for settling time and trolley
position error than the conventional PID controller respectively.
Moreover, the sway angle could be reduced to 5.5% by NNP PID
controller. We researched about develop of the ATCS in the
techniques for unmanned automation of the ATC. Besides, we
designed the NNP PID controller using the NN predictor, and
compared with the conventional controller. As result, the application
of NNP PID controller is analyzed to have robustness about
disturbance which is wind of fixed pattern in the yard. Accordingly,
the proposed algorithm proposed in this study can be readily used for
industrial applications.

In the further works, we should execute the proposed control
algorithm for the similar size of an actual ATC system in order to
overcome the limits of simulator system. Also, we must consider AC
motor used in ATC system instead of DC servo motor in the actual
experiments.
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