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ABSTRACT

The Model Predictive Control (MPC) for the 3-D overhead crane (3D0C)
system is the main subject of this paper. The crane's underactuated system
necessitates a complex controller design. In this paper, the MPC was used to
handle the problem of automatic load transportation. With this method, the
system can meet many complicated requirements due to the high nonlinear
dynamics of overhead cranes, such as anti-vibration, accurate position, and
satisfy dynamics constraints in real life. According to the results of our tests, MPC
is successfully applied to cranes and many transportation systems similarly.

Keywords: Model predictive control, Trajectory tracking, 3-D overhead crane,
Anti-vibration, Crane control.

TOM TAT

Ma hinh diéu khién du bao (MPC) cho hé thdng cau truc 3-D (3D0C) la chil
dé chinh cia bai bao nay. Hé thdng cau truc thiéu tac dong dau vao doi hdi thiét
ké mt bo diéu khién phiic tap. Trong bai béo nay, ching t6i st dung MPC d& xd
Iy van dé vén chuyén tai ty dong. Véi phuong phap nay, chiing toi co thé dap tng
nhiéu yéu cau phtic tap gay béi tinh phi tuyén cao cta hé cau truc, chang han nhu
chdng rung, chinh xac hoa vi tri, st dung nguén nang lugng thap va théa man
cac rang budc trong thuc té. Theo két qua thi nghiém ctia chiing t6i, MPC dugc
ap dung thanh cdng cho céc hé cau truc va nhiéu hé théng van chuyén tuong tu.

Tir khod: Mo hinh diéu khién du bdo, bdm quy dao, hé thdng cdu truc 3-D,
chdng rung, diéu khién hé théng cdu truc.
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1. INTRODUCTION

As effective means of transportation, overhead cranes
have been used widely in many fields, such as harbour
bridge cranes, explosion-proof cranes, and hydropower
cranes. The exact delivery of the payload to the intended
location and the quick suppression and elimination of the
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payload swing are two problems with overhead cranes.
Due to this, scholars worldwide have conducted much
research on crane systems and numerous excellent reports
on the topic [1-6].

Over the last forty years, many methods have been used
for controlling overhead cranes. In the first years,
researchers used approximate linearized models [7] to
control the nonlinear dynamics easily. However, the
impacts of crane nonlinearities become apparent when the
crane operates in rapid motion. As a result, more advanced
control strategies have been proposed, primarily based on
nonlinear dynamic models created for overhead cranes,
including the application of adaptive control [8] and
model-free control techniques based on fuzzy logic [9-11].
Other methods, including the neural network predictive
control method [12] and time-optimal control [13], have
been used successfully to create anti-sway trolley paths
based on studying the crane system's natural frequency.

However, it is essential to consider the applicability of
control system designs for crane systems in real life.
Therefore, this paper introduces a new control approach for
3DOC, based on model predictive control (MPC). MPC
technique offers a robust control framework for handling
control issues with numerous constraints, many variables,
and uncertainty. It works well in dealing with these types of
control problems. In most control strategies, the weight
was not hoisted up and down (rope length is supposed to
be constant), which is often not the case in actual
operations.

The main contributions of this paper can be
summarized as follows: (1) the crane follows the desired
path and reach the goal with minimal load swing (the rope
length can be changed); (2) solve the problem of anti-
vibration for the crane where the swing angles are limited,
besides ensuring tracking problem for the 3DOC under
tight ties that hardly mentioned in previous studies; (3)
solve the control problem of the underactuated system
which is mostly solved by sliding mode control (SMC) (the
system has only three control inputs while five state
variables need to be controlled).
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The rest of this paper is organized as follows: Section 2
introduces a dynamic model of 3DOC together with the
MPC formulation. Simulations and results are shown in
Section 3. Finally, Section 4 concludes the paper.

2. MODELING AND CONTROLLER DESIGN
2.1. Model of 3-D Overhead Crane

Fig. 1 shows the coordinate systems of a 3DOC, in which
m, m, m, and m, are the equivalent masses of cargo,
trolley, bridge, and hoist, respectively, x and y are the
positions of the trolley; | presents the cable length; ® and 6
denote the swing angles projected onto the Z-X plane and
Z-Y plane, respectively. To describe the motion of the
system, g = [x y | ® 61" has been defined as the
generalized coordination and F = [f, f, f, 0 0] as the
driving forces.

7 A

Bridge

Fig. 1. Coordinate frames of a 3-D overhead crane

Using Lagrange’s method, the dynamic model of a
3DOC system can be written in the compact matrix form
[14]:

M(q)q+Dqg+Clg,4)g+ Glqg) =F )]

Where M(q) is the symmetric mass matrix, C(q,q) is the

Coriolis and centrifugal matrix, D is the damping matrix and
G(q) is the gravitational force vector, which can be
expressed as:

D, 0 0 0O 0

0 bb 0 0 O 0
D=0 0 D, 0 0| G(g=mg|-C,C,

0 0 0 00O SoCe

0 0 0 0O | CoSe ]

in which D,, D, and D, stand for the viscous-damping
coefficients along with x, y and | motions, respectively; S
and C present the sine function and cosine function,
respectively and g indicates gravitational acceleration.

2.2. Model Predictive Control Formulation

MPC is a method of control based on the solution of an
online optimal control problem. By constructing a cost
function that includes the sum of squares of the error
between the desired and actual output and the control
signal error between sampling periods, the MPC algorithm
optimizes the cost function such that the control signals
are optimal. In solving this optimization problem, the
constraints such as swing angle limit, wire length limit, and
impact force constraints will be combined as mandatory
conditions for solving the optimal control signal.

Let x :[q} be the state-space vector,y =[x y | © 0]
q

be the output signal and u= [f, f, f]" be the control
force. Eq.1 can be rewritten in the first-order differential
equation:

X= q = q (2)
q| |[M'(F-G-Dg-Cq)
Or, in the field of discrete time:
x(k+1) = f(x(k), u(k)) 3)
ﬁli:):ilon Constraints
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2
Q

minimize J= &+ Jloff + 3 [dtc-+ ]
i =

subjectto x(k + j|k) = f(x(k + j—1|k),u(k + j—1]k))
Gk + )]s, U Vi=1,2,.,N, =1
YK+ Yoo Vi=12,N,

Where  x(k+jk),y(k+jk) and a(k+jk) are the
predicted trajectory vector, predicted output vector and
predict control vector at sampling time k + j, respectively
and given by the current state x(k);
é(k+j|k):9(k+j|k)—9d(k+j|k) and
Ab(k + jlk) = bk + j|k) — bk + j—1]k)
predicted error output and predicted change of input
made at time k; N, denotes the number of steps of

prediction horizon. The weighted matrices P and Q are
chosen as positive definite matrices.

are respectively

The control strategy is summarized in Algorithm 1. This
algorithm can be conducted by the usage of Nonlinear MPC
Toolbox integrated in MATLAB-Simulink, or manually
coding in Python.

Algorithm 1 (MPC Algorithm)

Step 1: Establish the cost function J(k) and constrains in (4)
Step 2: At sampling time k, measure the current state x(k)

Step 3: Calculate a predicted control sequence that
minimizes J(k) initialized by the current state x(k) and
satisfies constraints

Step 4: Use the first value of sequence as the input
control of crane

Step 5: Move to the next sampling time k — k + 1 then
repeat from Step 2

3. RESULTS AND DISCUSSION
3.1. Parameter selection

In this section, the simulation has been illustrated to
verify the ability of trajectory tracking problems using MPC.
To ensure that the moving cargo follows the trajectory and
contemporaneously  reduces the vibration during
movement, the desired swing angle was chosen to be 0.
The desired path is selected as follows: x4 = 0.5sin(0.1t);
yq = 0.4c0s(0.1t); I, = 0.5 - 0.2sin(0.2t); ®4=0; 6, = 0.

The overhead crane parameters and the MPC

parameters is shown in Table 1.

Table 1. Simulation parameters

System Parameters Control parameters

m, = 7kg, m,= 5kg, m, =2kg,
m, = 0.85kg, D, = 30N.m/s,
D, =20N.m/s, D, =50N.m/s,

N,=10,T,=0.5s,y,,,=[1,1,1,0.25,0.25],
U, =[15,15,30]", P =diag(100, 50, 50, 25, 25),
Q=diag(1,1,1),

g=9.81m/s’. x(0)=10,0,0,0,0,1,0,0,0,0".
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3.2. Simulation Results

Fig. 3 and Fig. 4 show the trajectory tracking result. The
red curve indicates the desired trajectory, and the blue
curve indicates the output trajectory using the MPC
controller. Figs show that the MPC controller generates fast
convergence to the desired path. The swing angle
fluctuates slightly in the first 10 seconds, then is almost
stable to ensure anti-vibration tracking control during
cargo movement. The cargo starts moving from an initial
point with coordinates [0, 0, 1, O, 0] and then follows the
desired trajectory, as in Fig. 3. The required driving forces
are plotted in Fig. 5.

Moreover, the shaking angles are limited by |<I)d,6d

12

0.2 rad, guaranteeing the vibration of 3doc. After about 20s,
the values of the swing angles approach zero, so the
vibration of the 3DOC when tracking the orbit is almost
non-existent. This further proves that the MPC controller for
a complex nonlinear system like 3DOC is possible. MPC
guarantees complex constraints when operating a
nonlinear system.

The values of the control signal are limited to [-30N;
30N] to avoid high jump control signal causing loss of
system control when the setting values change suddenly.
But the MPC problem has a periodic nature, after each cycle
will solve the optimization problem making the control
signal square pulse shape, but with a set period of 0.5s, the
change period of the control signal is not high and the
error value of the control signal at each cycle is optimized
by the constraints of MPC to ensure the operation of the
system and the experiment later. After about 10(s) ensure
that the system follows the set trajectory, the control
signals of the sinusoidal harmonic oscillation are the same
as the desired system trajectory, the change is not too
abrupt, and the harmonic controlled oscillation helps the
system to be optimized in terms of performance. Finally,
the force values of the control signal are optimal compared
to the parameters of the crane, in line with the actual
implementation that we will do after that.
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4. CONCLUSION

The MPC controller is used in this study to control the
crane to travel to a predetermined constant destination or
to follow a trajectory with safety performance because the
states and energies can be constrained. Since each process
only takes the first value of the prediction sequence, the
system can quickly adapt when there is an impact, so the
theoretical impact of the disturbance will not have much of
an impact. The MPC controller uses the information of the
current states to predict the following states and then
computes the necessary input. Because the crane system in
this research is simplified by ignoring the impact of outside
disturbances like wind and friction, our work, in the future,
will evaluate the quality of the MPC controller to the system
complex and uncertain crane.
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