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Abstract—In this paper, we examine tower crane —a MIMO
under-actuated system- which is popular in both academia and
industry. From a successful PID controller for this model, we
design a fuzzy controller that is generated by the ANFIS toolbox
from MATLAB. The proposed controller is shown to be viable
based on both the simulation and experimental results obtained.
In experiments, the angle of load vibrates a maximum of 10
degrees around theset angle and the settling error is
a maximum of 1 degree. Also, the settling time of the trolley is
a maximum of 12 sec. These results are acceptable. This control
method controls positions and decreases the fluctuation of this
model. In the hardware platform, STM32F4 Discovery is used
as a control board, and it is well-embedded by fuzzy blocks to
prove its ability in future intelligent control.

Keywords—Tower Crane; STM32F4; Fuzzy Control; ANFIS;
MIMO Under-Actuated

L INTRODUCTION

In control engineering, standard models, such as
pendulous [1] and ball and beam [2], are used to examine
control algorithms in laboratories. However, the requirement
of researching models which are popular in both academia
and industry exists. Therefore, kinds of models, such as
cranes [3], anti-vibration model to protect buildings from
earthquake [4] are more interested due to their uses in real
life. Tower crane is a popular model in construction and
transferring goods [5]. It is also a standard model in
the control laboratory by the company INTECO. With this
standard model, LQR control [6], fuzzy control [7] and
sliding mode control [8] are tested well on this experimental
model. However, the price of this educational model is high.
Thence, self-made real-time models are developed in [9]. In
that model, a fuzzy controller is developed from structure of
81-rule fuzzy blocks for two separated SIMO systems. In that
research, the control board is DSP TMS320F28335 which is
also expensive. Its ability to widen the hardware platform for
students is low.

Arduino is a much cheaper and more popular control
board than DSP. It is supported by a large community [10].
However, only linear control algorithms, such as PID and
LQR can be embedded well to control simple models, such
as a ball in the tube [11] or heating oven [12]. If being used
to control complex models, such as tower cranes, it cannot be

used due to its low-velocity operation. Arduino is not suitable
for intelligent control for MIMO under-actuated models, such
as tower cranes.

STM32F4 can be MATLAB-embedded to control SIMO
systems as a high-order inverted pendulum system in
nonlinear and intelligent control [ 13]. Also, for MIMO under-
actuated, in [14], PID control structure is applied well for
tower crane in both simulation and experiment. In
the experiment, those authors embedded successfully
MATLAB/Simulink blocks which imitate the PID structure
to control positions and anti-fluctuation well. The control
board in that research is still STM32F4, which is much
cheaper than DSP TMS320F28335. Actually, to control a
black-box or grey-box model, such as areality complex
tower crane, intelligent control is a solution. Therefore, a
survey of using fuzzy controllers in embedding for STM32F4
is necessary to prove the ability to develop hybrid controllers
and intelligent controllers for this model.

In this study, depending on a former PID control structure
in [14], we use the ANFIS toolbox to generate a fuzzy
controller. This intelligent controller will be examined in
simulation before transferring to an embedded program for
the real-time model. We prove that embedded intelligent
blocks can be applied well to an experimental model.

II. MATHEMATICAL MODEL

The dynamic equations of a complex real model, such as
the crane in the experiment of this paper can be obtained
through the identification method as in [15] or using neural
networks as in [16] to make simulation close to
the experiment. However, the structure of the resistor
sensors, which will be presented in the experiment of this
paper, makes uncertain noise in signals. Thence, collected
data may include noise to make the dynamic equations not
exact. Moreover, in this paper, we need to examine the ability
of afuzzy controller on the crane. Thence, if the fuzzy
method is good in simulation, it is possible in a real model.
The total exactness of the simulation model to a real model
can be accepted. A popular and simple mathematical model
in [17] of tower cranes can be obtained. In that research, only
simulation is shown. However, the dynamic equations are
shown adequately in that research. The system parameters,
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variables, and their values can be referred to in Table 1 and
Table 2. The mathematical model can be seen in Fig. 1 and
Fig. 2 for considering variables. From [17], dynamic
equations of the tower crane are shown in (1)-(4).

LI 0
X+ — = —
M g M
Ld+gp—i+Lyd=0 ()
M ,\. m T 3
<1+—x2>y——gx9=—y @
Jo Jo Jo
LG+ g0 —xy + Lyp =0 (4)
where
Ee = Ky Ve M; Ty = Kmyl/;/]o
Table 1. System variables
Symbol Description Unit
X =Xy Position of trolley m
% The angle of load by direction of the trolley  rad
@ Fluctuation angle of load rad
y Angle of tower rad
T, The moment that affects the tower Nm
Fy The force which affects the trolley N
Table 2. System parameters
Symbol Description Value Unit
m Mass of load 0.32 kg
g Gravitational acceleration 9.8 m/s?
L Length of string 0.32 m
M Mass of trolley 0.7 kg
Ko Coefficient of motor A 5.58 NA
Ky Coefficient of motor B 1191 NA
Ve The voltage applied for motor A NA v
|4 The voltage applied for motor B NA \Y

Trolley

Rotating
angle of load

Rotating
angle of jib

Tower

¥ load

»

Base

Fig. 1. Side view of tower crane model

X, Position of trolley

Trolley
Vertical angle of load

Load

Fig. 2. Vertical view of tower crane model

I11. ANFIS TOOLBOX IN GENERATING CONTROLLER

In [17], PID controller is used well. In that research, a
structure of two PID blocks is used for controlling x and 8
(PID control 1). These variables belong to the trolley and
the angle of load following the trolley’s direction. Another
structure of two PID blocks is used for controlling ¢ and y
(PID control 2). These variables belong to the tower and
the angle of load following the rotating direction of
the tower. Thence, four blocks are used in the PID structure
in [17]. To create an ANFIS block for controlling the model,
a collecting program to obtain input-output data of the PID
controller is designed in Fig. 3.
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Fig. 3. Program to collect data for training ANFIS from PID controller
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Eight random signals (from input 1 to input 8) are given
to inputs of the PID structure. Two outputs (output 1 and
output 2) are outputs of the PID controller. The data of these
outputs are collected to identify the PID controller. The
IDENT toolbox of MATLAB software collects data on inputs
and outputs for each PID control and trains fuzzy blocks to
imitate each PID control as in Fig. 4 and Fig. 5. After being
trained, two fuzzy blocks are obtained. They replace PID
controls 1 and 2 from the simulation program from [17]. So,
we obtain a new fuzzy-ANFIS control program of simulation
in Fig. 6.

Description of blocks in Error! Reference source not
found. is listed as,

Set point of the position of the trolley

Set point of position of y

Fuzzy control 1 which imitates PID control 1

Fuzzy control 1 which imitates PID control 2

Block imitating tower crane. This block describes the
dynamic equations of the tower crane

Position of trolley

Angle of 4

Angle of y

Angle of ¢

“Comparison” block which stops simulation if values of
variables are overvalued to prevent stuck simulation.
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Fig. 6. Simulation program of fuzzy-ANFIS for tower crane
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IV. SIMULATION Fig. 7, the angle of load takes only 2 seconds to be stable.

The initial values of the system are chosen as This angle vibrates about 0.07. r.ad. The trolley needs 4 sec to

be exactly at the expected position. The settling error is zero.

6 = 0.3 (rad); ¢ = 0.5 (rad); x4 = 0.03 (m); Fuzzy control 1 (number 3 of Fig. 6) can control the trolley

¥Yq = 0.1 (rad ) well and the angle of load in the trolley’s direction.

In Fig. 8, angle of load vibrates from -0.4 rad to 0.6 rad

The system is controlled under a fuzzy controller as in  and takes 6 sec to be stable. The tower rotates from -0.2 rad
Fig. 6. Simulation results are shown in Fig. 7 and Fig. 8. In  to 0.6 rad and takes about 6 sec to be stable at the set point.
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Fig. 8. Angle ¢ (red), angle y (green) and set the point of angle of the tower (red)

V. EXPERIMENT

. Experimental Model

A

1. Description of numbers in Fig. 9 is:
2. Trolley

3. The motor that controls the trolley
4. Counterweight to balance model

5. Register to measure 8, ¢

6. Load

7. Motor that controls y

8. Tower

9. Basement of tower

10. Electrical and Electronics control board

To measure angles of load, a structure of resistors is
shown in Fig. 10 and Fig. 11.

Description of components in Fig. 11 is:
Resistor measuring 6

Resistor measuring ¢

String

Plastic block -
Load Fig. 9. Experimental model [14]

S
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Potentiometer
that calculates

cable

Potentiometer
that calculates
vertical angle

of load

B. Embedded Program

An embedded program to operate the fuzzy-ANFIS

controller for the experimental model is shown in Fig. 12.

—_—

Description of blocks in Fig. 12 is:
Block that registers Waijung blockset

rotating angle
of load

X

Billet that transforms
the motion of cable
to rotation of
potentiometer

Load

Fig. 10. Mathematical model of a structure that measures angles of load

Fig. 11. Realistic structure of structure which measures angles of load

2. Block that registers UART

3. Block that receives signals of the position of the trolley
and angle 6 of load. Components inside this block are
shown in Fig. 13.

4. Block that receives signals of angle y of tower and angle
@ of load. Components inside this block are shown in Fig.
14.

5. Fuzzy control 1 block that controls the position of
the trolley and angle & Components inside this block are

shown in Fig. 15.
6. Fuzzy control 2 block that controls the angle ¥ of tower
and angle ¢ Components inside this block are shown in

Fig. 16.

7. Block that transfers control signals to PWM and direction
of the motor. Components inside this block are shown in
Fig. 17.

8. Block that collects data and transfers data to
the computer. Components inside this block are shown in
Fig. 18.
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Fig. 12. The embedded program which is created by MATLAB/Simulink blocks for STM32F4
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Fig. 13. Blocks of the embedded program that transfer signals from sensors
to obtain the position of the trolley and angle 8 of load
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Fig. 14. Blocks of the embedded program that transfer signals from sensors
to obtain the angle y of tower and angle ¢ of load

Fig. 15. Inside view of block “Fuzzy control 1”
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Fig. 16. Inside view of block “Fuzzy control 2”
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Fig. 17. Inside block which transfers control signal 1 to DC motor 1
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Fig. 18. Inside block which transfers control signal 1 to DC motor 2

C. Experimental results

1) Experiment I

In this experiment, the set-point is all zeros. The initial
values of the system are selected as

x=0cm;y =0°% 6 =20% ¢ =-10° (6)

The response of the system is shown in Fig. 19 and Fig.
20. In Fig. 19, the trolley moves from -13 cm to 23 cm before
being stable at the 4" second. The settling error of
the position of the trolley is 1 cm. The angle of load vibrates
from -12 degrees to 1 degree before settling at 3™ second. The
settling error is 1 degree. This error is created by
the uncertainty of the structure of the sensor in Fig. 10 and
Fig. 11. The hole inside the plastic hole is the cause of this
error. In order to decrease this error, this hole can be made
tighter. However, the so-tight hole will make the motion of
the string difficult, and the load is impossible to move.

25

20 = g

5 L I L L I I L
2 4 [} 8 10 12 w15
Time (s)

Fig. 19. Position of trolley (cm) (red) and angle 6 of load (degree) (green)

In Fig. 20, tower fluctuates from -3 degrees to 8 degrees.
The settling time of motion of the tower is 2 sec. The settling
error of this angle is about 1 degree. This settling error is
created by the friction force of the tower. This factor is not
regarded in dynamic equations from (1)-(4). The angle of
load vibrates from -15 degrees to 4 degrees and settles after 2
sec.

0 2 4 6 8 10 12 194 15
Time (5)

Fig. 20. The angle y of the tower (degree) (red) and the angle 6 of load
(degree) (green)

When set points are zeros, the trolley, tower, and load
terminate the vibration fast, and the initial positions of
the tower and trolley are kept well.

2) Experiment 2

The set points are chosen as:
- The position of the trolley is -4cm
- Set-angle y of the tower is 90°
Experimental results are shown in Fig. 21 and Fig. 22.
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Tinte (s)
Fig. 21. Position of trolley (cm) (red) and angle & of load (degree) (green)

In Fig. 21, setting time of motion of the trolley is 12s. The
vibration of the angle is from -1 degrees to 2 degrees and
settling error of nearly 2 degrees. The big settling error is
caused by mechanical structure (disadvantages of structure of
resistors). Due to the structure of the resistors, the vibration
of load by the direction of the trolley is not big and not fluent.
However, the survey of the angle of load still describes
the features of the system. Besides, the encoder sensor of
the trolley works well and the survey of motion of the trolley
is good in this case. The signal of motion of the trolley moves
fluently and this variable is controlled well

In Fig. 22, the tower needs 4 sec to move to the set-angle.
The settling error in this case is nearly zero. Its vibration is
small. Also, the vibration of the angle of load terminates just
in 4 sec and the settling error is zero. In this case,
the vibration of the angle of load through the tower axis is
more fluent than the vibration of the angle of load through
the trolley’s direction (in Fig. 21). The structure in Fig. 11
supports better the angle of load under the rotation of
the tower than under the trolley’s direction. Through this
experiment, from Fig. 21 and Fig. 22, when set-points are not
zeros, the system still works well under fuzzy —ANFIS

controller.
100 T T T T
90
80

60

0

20

2 | 1 I | | I |
3
Time (s)

Fig. 22. The angle y of the tower (degree) (red) and the angle 6 of load
(degree) (green)

V. CONCLUSION

From this research, from a former PID control platform
for tower cranes, we utilize the ANFIS toolbox to create a
fuzzy control structure. This controller imitates the PID
controller to follow the idea that intelligent control learns
from the experiences of experts. This controller is proven to
control well the position of the trolley and the angle of
the tower in both zero set-point and expected non-zero set-
point. Moreover, the vibration of the load is terminated
through operation. From this study, it is obvious that

intelligent control can be utilized for STM32F4 to control
the MIMO under-actuated model which is presented by tower
crane in this case. Furthermore, this research confirms the
ability of the fuzzy control method to imitate the control
ability of the expert- PID controller in this case- for MIMO
under-actuated models. Also, the tower crane, through this
paper, can be a standard model for research and training in
laboratories of universities for intelligent control besides
linear control. However, the disadvantage of sensor structure
(in Fig. 11) is shown due to the vibration of signals. A
replacement for this structure is necessary. A solution of
using two MPU6050 sensors to measure the angle of each
direction can be used in the future.
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