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Abstract. This paper is concerned with an advanced transfer trajectory planning method of
2-Dimensional transfer machine with vibrational element such as an overhead traveling crane.
In the 2-D transfer machine, it is required to reach the target position in a short time, avoid the
obstacles, and suppress the vibration. In recent years, the authors have proposed the trajectory
planning method using the optimization problem with considering input and state constraints
in the transfer system, obstacle avoidance and vibration suppression. However in the previous
approaches, it takes a long time to derive the reference trajectory because of many variables
in the optimization. Therefore in this study, we propose the fast solution for optimizing the
transfer trajectory by giving a feasible initial trajectory. And, it is discussed how to give the cost
function in the trajectory optimization with reducing the fluctuating cart motion. Moreover,
we discuss the practical case that the proposed approach is applied to the large transfer space.
The effectiveness of the proposed transfer trajectory planning method is verified by simulations
of the overhead traveling crane.

1. Introduction

In many industries, overhead traveling crane systems frequently have been used for efficiently
transporting heavy loads. In the overhead traveling crane, it is required to reach the target
position in a short time, avoid the obstacles, and suppress sway of the load [1]~[4].

In order to fulfill the above requirements, the transfer control systems have been proposed
in the previous studies. The vibration suppression control to load of the overhead crane using
optimal control theory was proposed in [5]. In the crane system with varying the rope length, the
load vibration with varying the natural frequency is suppressed by the gain scheduling control
[6], [7]. Furthermore, natural frequency elements of vibration are eliminated by shaping the
acceleration of the cart [8]. These control systems have specialized in the load sway suppression.
In the 2-D transfer systems such as the overhead traveling crane, a path planning considering
obstacle avoidance is required. In the studies of path planning, the path of transferred object has
been derived by the potential method [9], the probabilistic road map method [10], and predicting
the action of the moving obstacle [11]. In the study [12], the path in consideration of obstacles
avoidance is derived by the potential method. Then, the path is reshaped to the trajectory
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Figure 1. Overhead traveling crane system

with vibration suppression. In this approach, the reshaped trajectory is different from the path
for avoiding the obstacle derived by the potential method. Therefore, the transfer object is in
danger of collision with obstacles.

In recent years, the trajectory planning methods in consideration of input and state
constraints in the transfer system, suppressing the load sway with varying the rope length,
and the obstacles avoidance in the transfer space have been proposed by authors [13], [14].
In these approaches, the trajectory planning problem is formulated as the quadratic problem
with quadratic constraints in the optimization problem. Thus, the trajectory is optimized by a
sequential quadratic programming approach.

However in the previous approaches, it takes a long time to derive the reference trajectory
because of many variables in the optimization. Therefore in this study, we propose the fast
solution for optimizing the transfer trajectory by giving a feasible initial trajectory to the
trajectory optimization. And, it is discussed how to give the cost function in the trajectory
optimization with reducing the fluctuating cart motion. Moreover, we discuss the practical
case that the proposed approach is applied to the large transfer space. The effectiveness of the
proposed transfer trajectory planning method is verified by simulations of the overhead traveling
crane.

2. Model of overhead traveling crane system

In this study, the proposed control system is applied to the overhead traveling crane system as

one of the 2-D transfer system with vibrational element. The overhead traveling crane used in

this study is shown in Figure 1(a). And, schematic illustration of the load sway is shown in

Figure 1(b). Specifications of the overhead traveling crane in Figure 1(a) are shown in Table 1.

The model of load sway dynamics is linearized as § < 1, ¢ < 1, and it is represented as
ml%0 + mgld = mla,,, ()
mi2¢ + mglo = —mlay,

where m is mass of the load, g is a gravity acceleration, [ is the rope length, and 6 and ¢ are the
load sway angles, a, and a, are acceleration of the cart transfer of each axis. The cart transfer
system consists of the position feedback control system. The feedback controllers on z- and
y-axes have the proportional gain. The cart transfer systems on x- and y-axes are represented
as
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Table 1. Specifications of crane system shown in Figure 1(a)

Maximum Transfer Distance on z-axis 1.050[m]
Maximum Transfer Distance on y-axis 0.400[m]
Maximum Rope Length 0.60[m)]
Limitations of Velocities on z-and y-axes + 0.22[m/s]
Limitations of Hoisting Velocity + 0.5[m/s]
Limitations of Accelerations on z- and y-axes =+ 0.5[m/s?]
Limitations of Hoisting Acceleration + 1.0[m/s?]
Limitation of Control Input Voltage + 10[V]
{ Eom = — 7 Tem + 52 Um, @
Um = Kpm(rm — Zem), (m = z,y),

where Z¢om, Uy, and 1, are the cart position, the control input, and the reference trajectory of
each axis, respectively. T}, and K, are the time constant and the gain in the motor of each axis,
respectively. K, is the proportional gain in the position feedback controller of each axis. In this
study, the time constant and the gain in each motor can be obtained as 7,,=0.008]s], T;,=0.036]s]
and K,=K,=0.037[m/s/V] by the parameter identification, respectively. The proportional gains
are given as K, =K,,=100.

3. Transfer trajectory planning method
The transfer trajectory planning method using optimization method has been proposed in the
author’s studies [13], [14]. The detailed derivation of the method is referred to in [13], [14].

3.1. Representation of controlled object

In this study, the cart motion with input and state constraints as shown in Figure 2 can be
controlled according to the trajectory planning. Therefore, the cart motion as the controlled
object is represented as

:Em(k; + 1) = Aclmxdm(k) + Bclmrm(k)a

Zm(k) = Czclmxdm(k) + chlmrm(k)a (3)
Zum(k) = Cuclmxdm(k) + Duclmrm(k)a

ym(k) = Cyclmxdm(k) + Dyclmrm(k)a (m =, y)7

where x4, is the state variable vector, z,, is the controlled variable vector. The vector z,,
consists of the cart position, velocity and acceleration, z,, is the control input, y,, is the cart
position as the observed variable.

In order to formulate the trajectory planning to optimization problem, the cart motion is
represented with the discrete-time system as t = kAT. Here, t is the time, AT is the sampling
time and k is the sample number. As shown in Figure 2, the control input zy,, and the controlled
variables z,, are subject to the input and state constraints.
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Figure 2. Cart transfer system as controlled object on an axis

3.2. Cost function

The cost function is defined for the transfer trajectory optimization. The transfer trajectory
derived by the previous approaches [13], [14] has the fluctuating motion. Because, the energy
saving is not considered in the cost function. In order to reduce the fluctuating motion, the cost
function with energy saving is proposed as

N-1 N-1
minJ = wi( Y [roa(k) —a(k) 2+ 3 | roy(k) — y(k) 2)
k=0 k=0

Tz, Ty
N—-1 N—-1
oY |2k P43 |y (h) )
k=0 k=0
L) 9 ) 9
([ o) P ot [ ]y (o) P o), )
V1 v1

where 79, and g, are the target positions on z- and y - axes, respectively. v is the frequency.
v1 and vy are the minimum and maximum frequencies. And, wy > 0, we > 0 and wg > 0 are
the weight coefficients.

Here, the vectors of the input and controlled variables are respectively defined as

Lm = [Zm(o) Zm(l) T Zm(N - 1)] ’ (m = x??/)' (5)

We also define vectors R,,, Rom, and Y, (m = z,y) whose elements are r,,(k), rom(k) and
ym(k), (k =0,1,---,n — 1), respectively. Therefore, the control input and the controlled and
observation variables can be compactly expressed as

I = MRy, Yy = MymRmm (m =, y), (6)

where M., and My, are given by

chlm 0 te 0 T
M o Czclchlm chlm : (7)
zm = )
: : - 0
L CyclmA?l;f e C12'(:lchlm chlm J
" Dyem 0 o 0 1
Mym _ Cycl'rrchlm Dy'clm , (m =z, y) (8)
: : - 0
L C(yclmALZl;l2 to Cyclchlm Dyclm J
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Excluding the weight coefficient wq, the first term J; and second term Js in the cost function
(4) becomes

Jiz = (RLM,},Mys Ry — 2RL M, Rog) + (R} M, My, R, — 2R M Ro,), (9)
where since R%;Ro:c and ROTyRoy are constants, they have been omitted from the cost function.

We also express the third term J3 and fourth term J4 in the cost function (4) without the weight
coefficient ws to the matrix representation as

J34 = (RgMzTuxMzuwa) + (RgMz];yMwyRy)- (10)

Excluding the weight coefficient ws, the fifth term J5 in the cost function (4) can be discrete
Fourier transformed as

va v N—-1
J5:/ | zae(v) 2 dv = / 1S 2ua(k)e TP ATH2dy
U1 V1 k::O
vy N—1 N—1
_ / S zua(R)e TUATR 4 ST ATk, () dy, (11)
Y1 k=0 k=0

The sixth term Jg in the cost function (4) can be represented similarly to J;. Therefore, the
matrix representation of fifth term J5 and sixth term Jg in the cost function (4) can be expressed
as

Jss = RIM

zZux

MMz Ry + R) MY, MM,y Ry, (12)

Zuy

where M, is given by

sin vo AT —sin v1 AT
V2 — U1 2 AT !
sin vo AT —sin v AT Vo —
AT 2 1

g
Il

sin vg AT (N—1)—sinv; AT (N—1)
AT(N-1)
sin va AT (N—1)—sinv; AT (N—1)
AT(N-1)

(13)
sin vo AT —sin v1 AT

" AT
sin v AT —sin v1 AT Vo —
AT 2 1

Collecting (9), (10) and (12), the cost function (4) becomes

in J = min (wJ J J
Jnin éfcl’%ly(m 12 + w2 J34 + w3 J56)
: T /T Ty /T
= i (2w (RI M, Ro + RY M, Ro,)

+ RI(wi M, Myz + woM Moo + wsM L, McM.yo) Ry
+ Rl (wiM], My, +wo M, My + wsM, MM,y R, (14)
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Figure 3. Trajectory planning with obstacle avoidance

3.3. Input and state constraints on the transfer system
The input and state constraints on the transfer system can be expressed into the matrix
representation as

where Z,. and Z,,,,. are the input and state constraints, respectively given by
" " (m==zy),  (16)

Zrme = [ Zme ' Zme , Zume = [ Zume " Rume

where z,,. and zy;,. are the boundary parameters of the constraints.

In this study, the trajectory is planned over a finite time interval. To transfer the object to
the goal position (roz, 7oy) and ensure it is stationary at the final time, we impose the following
equality constraints.

Mmem = me7 (m:a:,y), (17)

where My, and Z,, are given by

CyemAY>Beim -+ CyeimBeim  Dya {To }
M — yclm clnl clm yelmBPclm yclm : 7 _ m ’ m=z,y). 18
fm CZClmAé\l[m2BClm o CoamBem  Dzem fm 0 ( y) ( )

3.4. Positional constraints on obstacle avoidance

In the 2-D transfer, it is necessary to avoid obstacles in the transfer space. The obstacle is
defined as the ellipsoidal no-penetration area as shown in Figure 3. The interior of the ellipse is
the no-penetration area that must be avoided in trajectory planning. Therefore, we impose the
following inequality constraint on the position of the transferred object.

(z — 960)2 (y — y0)2

2 B

—1>0, (19)

where (x9,yp) is the center of the ellipse. a, and b, are respectively the lengths of axes of the
ellipsoidal no-penetration area, and are given as

ar=a+r, b-=b+r, (20)
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where a and b are the corresponding axis lengths of the ellipse enclosing the obstacle. And, r is
represented as

r = "Te + dmaz, (21)

where 7. is the radius of the circle enclosing the transferred object. die. is the maximum
moving distance of the transferred object which is caused by leaned the rope due to inertia. The
maximum rope angle ¢, leaned by inertia can be derived from (1) as

¢mar = |aaz‘maw7 (22)
g

where |az|maz is the maximum acceleration of cart transfer. Therefore, the maximum moving
distance d,,q, can be represented as

l
Ao = nmgrmafr’ (23)

where 1,4, is the maximum rope length.

The matrix representation of the inequality (19) can be represented as
1
Z

2
a2
a’!‘

2
52
1
2

1
Ry (3 My EMyz) R + Ry, (15 My, EMyy ) Ry = (=5 Xg EMyz) Re = (355 EMyy) Ry
T

1
+ 5 X EXo+ 5 Yy EYo—n> 0 (24)

T

where E = [efey - -elep---elen)T, n=[erel - -exel - enelll, e1 = [1,0,0,0,---,0] € R,
e, = [0,"',0,1,0,” : ,0] S R1><n7 Xo = [wo,l'o,--',xo}T € R™" and Yo = [yo,yo,--',yo]T S
Rl xn.

By (14), (15) and (24), The trajectory planning of the overhead traveling crane can be resulted
to quadratic programming problem with quadratic constraints. This quadratic programming
problem is solved by a sequential quadratic programming method.

4. Fast solution by using feasible initial trajectory

The transfer trajectory can be obtained by the optimization problem introduced in the previous
section. However, it takes a long time to derive the optimized trajectory because of many
variables in the optimization. In the previous study [14], the initial trajectory R;; € R'*™ in
the optimization has been given as

Rinim = [rOmy Tom, """, rOm]a (m =, Z/) (25)

where rg,, is the target position. Thus, the initial trajectory is no-feasible solution to be subject
to (15), (17) and (24). In this case, it takes a long time to obtain the optimized trajectory. By
giving the feasible initial trajectory to the optimization problem, the optimizing time can be
shortened. The feasible initial trajectory is designed while satisfying the constraint conditions
defined by (15), (17) and (24). And, the feasible initial trajectory is designed based on the
designer’s subjective view.

As an example, the feasible initial trajectory is shown in Figure 4 and Figure 5. Figure 4(a)
and (b) show the time series of feasible initial trajectory on x- and y-axes, respectively. Figure
5 shown the designed feasible initial trajectory on the transfer space. In the transfer space, the
target position is located at (z,y) = (1.0,0.4)[m]. The constraints conditions of transfer velocity,
acceleration and control input are given from the specifications of the overhead traveling crane
as shown in Table 1.
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Figure 4. Time series of feasible initial trajectory
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Figure 5. Feasible initial trajectory on transfer space

The center of obstacle is located at (z,y) = (0.5,0.15) and the size of obstacle is
H0.24 x WO0.1[m]. Therefore, the major and minor axes of the ellipse enclosing the obstacle
are a = 0.170[m] and b = 0.071[m], respectively. The maximum rope length in the overhead
traveling crane is luq; = 0.6[m], and the maximum acceleration is amq; = 0.5[m/s?]. Thus,
the maximum moving distance by leaned the rope due to inertia is obtained as d;,q,=0.03[m]
by (23). The radius of the circle enclosing the transfer object is r.=0.01[m]. From (20) and
(21), the lengths of axes of the ellipsoidal no-penetration area is obtained as a,=0.210[m] and
by=0.111[m)].

The feasible initial trajectory shown in Figure 4 and Figure 5 is given to the trajectory
optimization.

5. Simulation Verification

In this study, the fast solution of trajectory optimization by using the feasible initial trajectory
and the cost function with the energy saving for reducing the fluctuating motion of the cart are
proposed. The proposed approaches are verified by simulation of the overhead traveling crane
system which has the specifications as shown in Table 1. The transfer space with obstacle is
shown in Figure 5, and the feasible initial trajectory shown in Figure 5 is given to the trajectory
optimization in the simulation verification. The range of the rope length while transferring the
cart is between 0.3[m] and 0.6[m]. Therefore, the natural angular frequency of the load vibration
is varied between 4.04[rad/s] and 5.72[rad/s|. The frequency band for vibration suppression in
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Table 2. Optimizing time of proposed fast solution and conventional

Computation time [s]

Proposed solution 111

Conventional solution 582

the cost function (4) is set to the range from 3.5[rad/s] to 6.0[rad/s]. The transfer time is given
as 5.5[s], and the sampling time is as AT=0.1[s].

The weight coefficients in the proposed cost function are given as wy=10, we=0.1 and ws=1.
The trajectory optimization with the proposed cost function is performed by using the proposed
fast solution. As the comparisons, the weight coefficients, which are same as the cost function
in [14], are given as w;=10, we=0 and ws=1. And, the trajectory is optimized using the
conventional initial trajectory which has the same elements as the target position rg. Moreover,
the trajectory is optimized using the cost function with the weight coefficients, wy=10, ws=0.1,
w3=0, which the vibration suppression is not considered in the trajectory optimization.

The simulation results are shown in Figure 6 to Figure 10. Figure 6(a) and (b) show the time
series of the cart transfer on z- and y-axes in simulation, respectively. In Figure 6, the upper left
graphs show the acceleration of cart transfer, and the upper right graphs show the velocity. The
lower left and lower right graphs show the cart position and control input, respectively. The solid
line are the simulation results of the proposed approach, the broken lines are the conventional
approach and the chain lines are the trajectory without vibration suppression. Figure 7 shows
the cart trajectory in the transfer space. Figure 8(a) and (b) show the power spectrum of the
acceleration of the cart transfer on z- and y-axes, respectively. The line types in Figure 8 are
same as those in Figure 6. Figure 9 show the swaying angle of the rope whose length is [=0.3[m)].
Figure 10 show the swaying angle of the rope whose length is [=0.6[m]. In Figure 9 and Figure
10, (a) and (b) show the simulation results on z- and y-axes, respectively. The line types in
Figure 9 and Figure 10 are same as those in Figure 6. As seen from these simulation results, the
load swaying can be suppression by the proposed approach, and the load is transferred in a short
time while avoiding the obstacle and satisfying the constraints in the crane system. Moreover,
fluctuating motion of the cart can be reduced by applying the proposed cost function.

Table 2 shows the calculating time of the trajectory optimization in the proposed fast solution
and the conventional solution. By using the proposed fast solution, the trajectory can be
optimized in a short time.

6. Application to the large transfer space

The proposed approach is applied to the large transfer space. Here, the simulation conditions
of the transfer trajectory are shown as follows.

- Target position is located at (z,y) = (2.0,0.8)[m].

- Constraints of transfer cart are shown in the specifications in Table 1.

- The range of the rope length while transferring the cart is between 0.3[m] and 0.6[m]. Therefore,
the natural angular frequency of the load vibration is varied between 4.04[rad/s] and 5.72[rad/s].
The frequency band for suppressing the vibration is set to the range between 3.5[rad/s| and
6.0[rad/s] in the trajectory planning of the cart transfer on z- and y-axes.

- The centers of obstacles are located at (z,y) = (0.5,0.6), (0.9,0.35) and (1.4,0.65). 3 obstacles
has same size. Therefore, the major and minor axes of the ellipse enclosing the obstacle are
a = 0.170[m] and b = 0.071[m], respectively. The maximum moving distance by leaned the rope
due to inertia is obtained as dy,q;=0.03[m]. The radius of the circle enclosing the transfer object
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is 7.=0.01[m|. Therefore, the lengths of axes of the ellipsoidal no-penetration area is obtained
as a,=0.210[m] and b,=0.111[m].

* The weight coefficients are given as w; = 5, wy = 0.2, w3y = 1.

* Simulation time is given as 10.0[s|] and sampling time is given as AT=0.1[s].

The simulation results are shown in Figure 11 to Figure 15. The layouts of the figures and
the line types are same as those of Figure 6 to Figure 10. As the results, the cart is transferred
in a short time by the proposed approach, even if the transfer space is expanded. And, the load
sway can be suppressed. The calculation time of the trajectory optimization is 2224[s|. The
calculation time can be increased with expanding the transfer space.

7. Conclusions

We proposed transfer trajectory planning method of 2-D transfer machine with vibrational
elements such as an overhead traveling crane. In this study, we especially proposed the fast
solution for optimizing the transfer trajectory by giving a feasible initial trajectory. And, the
cost function with energy saving was proposed for reducing the fluctuating motion of the cart.
The effectiveness of the proposed transfer trajectory planning method is verified by simulations
of the overhead traveling crane. The computation time of the proposed trajectory optimization is
faster than that of the conventional approach. In the future works, the experimental verification
using the actual crane system should be confirmed for usefulness of the proposed method, and
it will be required to develop the fast solution of the trajectory optimization for large transfer
space.
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