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A vision-based fuzzy proportional—integral-derivative (PID) control scheme for a two-
degree-of-freedom (2DOF) gantry crane system is introduced in this paper. By applying the
experimental prototype of a 2DOF gantry crane system, a two-inputs-three-outputs variable
universe fuzzy adaptive PID (VUFAPID) control scheme is proposed for controlling the position
of the trolley and the length of the cable. This control scheme combines the variable universe
method and fuzzy adaptive PID (FAPID) control. The designed control scheme is applied to
control the motion of the crane tip and to compensate for load oscillations to achieve the desired
effects of trajectory tracking and limiting the swing. Experimental results demonstrate the
effectiveness of the proposed scheme.

1. Introduction

Gantry crane systems have been widely used in container lifting, ship equipment
transportation, hydropower stations, thermal power plants, and other industrial operations.()
Because of their wide operating range and the ability to lift heavy loads, gantry crane systems
are usually applied to improve the efficiency of work, reduce physical labor, and ensure safety in
production.?) However, the safety and operational efficiency of a gantry crane system are
affected by the hoisting of loads and the swing of the cable under external interferences.(®)
Gantry crane systems often rely on experienced operators to position the crane and perform anti-
swing measures. Because of the burden on operators, it is difficult to always ensure accurate
operation and safety.

To improve the performance of gantry crane systems, an appropriate control system design is
usually applied. Many control methods have been successfully utilized in gantry crane control
systems, such as proportional-integral-derivative (PID) control,® fuzzy control,® genetic-
algorithm-based linear—quadratic regulator (LQR),”) model reference adaptive control,®
nonlinear feedback control,(®) passivity-based control,(!?) robust adaptive control,!V sliding
mode control,(12:13) neural network PID control,(!4) and vision-based control.(%-6:%15.16) Because of
the simple structure and the convenience of adjustment, PID control was the first practical
controller to be developed and is still widely used. Fuzzy control theory was first proposed by
Zadeh in 1965(17) and has been employed in many practical applications. The advantage of a
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fuzzy control scheme is that the controlled system is handled by a similar type of decision-
making to that of humans owing to the elimination of detailed mathematical models.('8:1)
Moreover, by adding an extra layer of intelligence, a fuzzy control scheme can be combined with
PID control to realize more useful and practical control schemes, such as fuzzy adaptive PID
(FAPID) control®? and variable universe fuzzy adaptive PID (VUFAPID)?!-24 control.

Regarding the control of gantry crane systems in the literature, in Ref. 25, an intelligent
control scheme combined with root locus and frequency domain methods was proposed for
positioning and anti-swing control. Double closed-loop controllers were also developed by the
same research team,>®) where the inner loop was used for fuzzy anti-swing control and the outer
loop was used to control the position of the trolley by a PI controller. In Ref. 27, an input-shaping
scheme integrated with a distributed delay to control a gantry crane was proposed. In Refs. 14
and 28, a type of neural network PID control and time-delayed fuzzy logic feedback control
were introduced to control the position and swing motion, respectively. A hierarchical fast
terminal sliding mode control method applying sliding mode technology was proposed in Ref.
12, and in Ref. 13, an adaptive neuro-sliding mode for anti-swing stabilization by controlling the
length of cable was proposed.

Vision-based control has recently attracted significant attention for use in mechatronics.
Geometrical information from the environment surrounding the controlled gantry crane system
can be obtained by machine vision and used for motion planning and control. In Ref. 5, PID
control was integrated with computer vision, which was employed to measure the swing angle of
the load. In Ref. 6, a vision system was applied to detect the position of a gantry crane trolley as
it moved. Then, fuzzy control was utilized to address the nonlinearity provided by both the
vision and an angle sensor. In Ref. 16, the use of vision-based control to extract both the trolley
position and the load swing information for the effective tracking control of the gantry crane was
demonstrated. In Ref. 9, the coordinates of the start and end positions of a load were found by
image recognition based on machine vision positioning using a quick response (QR) code. Then,
a developed nonlinear feedback control law combined with the crane trajectory, which was
planned by the detection of starting and ending points, was applied to achieve the goal of control.
Vision-based control with online cable length estimation was introduced for other types of crane
system, such as knuckle boom cranes, in Ref. 15.

In the control of a gantry crane system, the goal is for the moving trolley to arrive at and
come to rest at the desired position while varying the length of the cable to maintain it at a
specified length. In addition, the swing angle of the lifting load is restrained within an allowable
range. In this study, for an implemented prototype two-degree-of-freedom (2DOF) gantry crane
system, a two-inputs-three-outputs VUFAPID control scheme is proposed to achieve the control
goal. Traditional PID, fuzzy, and FAPID control schemes are also employed for comparison with
the effectiveness of VUFAPID. The novelty of this study is the use of our experimental prototype
to verify the position control of a 2DOF gantry crane system by using different control schemes.

This paper is organized as follows. The experimental prototype and dynamical model of a
2DOF gantry crane system are introduced in Sect. 2. The designs of four types of control
scheme, including VUFAPID control, are outlined in Sect. 3. In Sect. 4, experimental results are
given to illustrate the effectiveness of the VUFAPID control scheme. Finally, some concluding
remarks are given in Sect. 5.
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2. 2DOF Gantry Crane System Model

The experimental prototype of a 2DOF gantry crane, which is applied to analyze the tracking
of the lifting trajectory and the swing motion of the lifting load, is shown in Fig. 1. The
dynamical model of the 2DOF gantry crane is also shown in Fig. 2. The system consists of a
trolley moving along a guided rail and a load hanging below the trolley from a controlled length
of a lifting cable. The sensing system is combined with a vision system for detecting the position
of the trolley and the length of the cable, and an angular sensor for measuring the swing angle of
the load to sense the states of the 2DOF gantry crane.

The vision system includes a camera located in front of the 2DOF gantry crane and a
hardware unit for connecting the camera for finding edges of objects and setting the coordinate
system. The main operation of vision software is to discover edges by setting the contrast, filter
width, and steepness. The contrast of an image is defined by the difference between the average
pixel intensity before the edge and the average pixel intensity after the edge. The filter width
specifies the number of pixels, and the steepness specifies the slope of the edge. The locations of
the trolley and load are detected by the vision system, and the position of the trolley and the
length of the cable are evaluated by a computational algorithm.

Two control problems must be simultaneously solved in the motion control of the system. The
problem of trajectory tracking for accurate hoisting is to control the moving trolley to arrive at
and come to rest at the desired position. The varying length of the cable is controlled to maintain
it at a specified value. The problem of minimizing the swing of the lifting load involves
controlling the swing angle of the load, which is the angle from the vertical line passing through
the center of the trolley, to a value within a specified angular limit, for example, 10°.

Similarly to those in a previous work,?? the assumptions of the model of the gantry crane
system are as follows.
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Fig. 1. (Color online) Experimental prototype of Fig. 2. Model of 2DOF gantry crane system.

2DOF gantry crane system.
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(1) The mass and the variation of the length of the cable are ignored.

(2) The friction between the trolley and the guide rail is ignored.

(3) The lifting load is regarded as a particle that moves only in the plane perpendicular to the
horizontal plane.

(4) The effects of wind and air resistance are ignored.

(5) The nonlinearity of the transmission mechanism is neglected.

(6) The elastic deformation of the system is not taken into account.

The system parameters and variables of the 2DOF gantry crane model shown in Fig. 2 are
listed in Table 1.

The dynamical equations of the 2DOF gantry crane model are derived using Lagrangian
formalism by defining the generalized coordinates, such as the horizontal position of the trolley,
g1, the length of the cable, ¢,, and the swing angle of the lifting load, #.?® The following
equations hold:

.. U —U,siny

G =" 0
..  Mu, —musinn + muzsinzn + Mmgcosn + Mqufyz
q2 = Mm s (2)

.. —2Mg,n —u cosn +u,sinncosn — Mgsinn
n= .
Mg,

)

The error states are defined by e,(t) = q1 reprence — 910, €2() = G2 reference — 42(0), and
e3(0) = —n(0), where g yeference 04 G2 yeference are the desired position of the trolley and the final
length of the cable, respectively. The control goal is to design the appropriate control inputs, i
and u,, such that tlim e(t)—>0,i=1,2,3.

—

Table 1

System parameters and variables of 2DOF gantry crane model.

Symbol Physical quantity Value
M Mass of trolley Given
m Mass of load Given
h Maximum lifting length of cable Given
q1 Horizontal displacement of trolley Variable
q Horizontal velocity of trolley Variable
q Horizontal acceleration of trolley Variable
n Swing angle of lifting load Variable
n Swing angular velocity of lifting load Variable
1 Swing angular acceleration of lifting load Variable
q Length of cable Variable
a4 Lifting velocity of cable Variable
q> Lifting acceleration of cable Variable
u Horizontal driving force of trolley Variable

u Lifting force of length of cable Variable
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3. Design of Four Types of Control

Two control inputs and three measured outputs are involved in the dynamical model of the
2DOF gantry crane system. As reported in this section, to achieve the desired effects of the
2DOF gantry crane system, a two-inputs-three-outputs VUFAPID control scheme is proposed to
control the position of the trolley and the length of the cable. In addition, PID control, traditional
fuzzy control,3%3D and FAPID control? are also performed on the experimental gantry crane
system for comparison with the effectiveness of VUFAPID.

(1) PID control scheme

Three PID controls are applied to control the variables ¢;, ¢,, and 7 of the gantry crane

system. Each PID control is expressed as

u; (1) =Kpje; (t)+Kﬁjei (¢)dt +KDide;—£t), i=1,2,3, @)

where y(t) = 41 yeference ~ 010 €20) = G2, yeference — 42(0), and ex(t) = ~71(z). The tuned PID gains of
the experimental gantry crane system are listed in Table 2.
(2) Traditional fuzzy control scheme

A schematic diagram of a traditional fuzzy controller is shown in Fig. 3. Its main parts
include those for fuzzification, fuzzy inference, defuzzification, and input-output
quantization.G%

Three traditional fuzzy controllers are provided to control the variables ¢, ¢,, and # of the
gantry crane system. The membership functions are composed of seven fuzzy sets: positive big
(PB), positive medium (PM), positive small (PS), zero (ZO), negative small (NS), negative
medium (NM), and negative big (NB). The membership functions are basically triangular, with

Table 2
Tuned PID gains of experimental system.
Kpi Kii Kpi
ei(?) 13.0 0.25 0.01
ex(t) 9.0 0.3 0.02
es(t) 10.0 0.2 0.01
T T T T T T T T 1
I
1 Fuzzy Controller :
Eq |
Input = -':.T g U 1
1zati I =] N = |1 ,
Quantization X E-:, %_ g Output Controlled | 2 ﬂ)‘
e gl = ™ .,:":' ] Quantization ™ Obiect -
Input L = [, 2 2 1
Quantization 1| = g Elr
I I
1 I
L e e e e e e = = 1

Fig. 3. Schematic diagram of traditional fuzzy controller.
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NB and PB using zmf and smf modes.®) The domain of the linguistic variables is
{=3,-2,-1,0, 1, 2, 3} and the distributions of the membership functions are shown in Fig. 4.
The basic domain of the variation of the swing angle # of the lifting load is [-0.20, 0.20] rad
and the domain of the swing angular velocity 7 is [-0.05, 0.05] rad/s. The domain of the trolley
displacement g, is [-0.20, 0.20] m and the domain of the trolley velocity ¢, is [-0.30, 0.30] m/s.
The domains of the cable length ¢, and the rate of change in cable length ¢, are [-0.25, 0.25] m
and [-0.50, 0.50] m/s, respectively. The domains of the trolley driving force u; and the cable
lifting force u, are defined by [—10, 10] N and [—15, 15] N, respectively. The fuzzy rules of
(41, 4,,u;) and (q5, 45, u, ) are listed in Table 3 and the fuzzy rules of (7, 77, u; ) are listed in Table
4. The Mamdani method is used for the inference of the output control signals. The maximum-
minimum rules are employed for the operational composition of fuzzy rules, and defuzzification
is performed to apply the centroid method to actual output control values with greater

smoothness.
1 tNB NM NS Z0 PS PM PB|
05
0 T T T T T
= -2 -1 0 1 2 3
Fig. 4. Distributions of membership functions of linguistic variables.
Table 3
Fuzzy rules of (g, ¢, uy) and (¢5, ¢, u).
4/
ui/uy
NM NS Z0O PS PM PB
NB NB NB Z0O PM PB PB PB
NM NM NM Z0O PS PB PB PB
NS NM NS NS PS PM PB PB
q,/q, 7O NS NS NS ZO PM PM PB
PS NB NB NM NS NS PM PM
PM NB NB NM NM NS PS PM
PB NB NB NB NB NB PS PS
Table 4
Fuzzy rules of (17,77, uy).
Ul L
NM NS Z0O PS PM PB
NB NB NB NB NM NS NM NB
NM NB NB NS NS NS NM NB
NS NB NM NS NS NS NM NB
n Z0 NM NS NS Z0O PS PS PM
PS PM PS PS PS PS PM PB
PM PM PM PM PS PS PM PB

PB PB PB PB PM PS PM PB
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(3) FAPID control scheme

Three FAPID controllers are applied to control the variables ¢y, ¢,, and # of the gantry crane
system. For each FAPID controller, a two-inputs-three-outputs FAPID?% control scheme is
introduced to control the position of the trolley and the length of the cable. The error and the rate
of change in error (e and ec) are the input variables of the fuzzy control scheme, and the outputs
of the fuzzy control scheme are the gains of the PID, Kp, K;, and Kp. The rules of fuzzy
inference are based on the operator’s experience and expert knowledge. The performance of the
FAPID controllers is improved by the on-line self-tuning of the three gains, Kp, K;, and K, of
the PID. A schematic diagram of the control is shown in Fig. 5.

The domains of the input and output variables e, ec, Kp, K;, and K are {—3,-2,—-1,0, 1, 2, 3}.
The membership functions of the input and output variables have the same shapes as those in
Fig. 4. The fuzzy inference rules are expressed in Table 5. The inference, the operation and
composition of rules, and the defuzzification are the same as those for the conventional fuzzy
control scheme with the Mamdani, maximum-minimum, and centroid methods.(?5-32)

(4) VUFAPID control scheme

Fuzzy PID control has many weak points, such as low control precision, the lack of PID
integral factors, too many defined fuzzy rules, and the subjective selection of the membership
functions. To overcome the above shortcomings of FAPID control, the concept of a variable
universe domain is introduced into the FAPID control scheme.

E

h 4

Fuzzy
Ec. | Inference

e
e Al Ki J' Ki ‘l

uoneaLyIZZN |

. '
rit) e
- . Conventional PID Controlled }-I’-’):
..{ didr £ Regulator Object
Fig. 5. Schematic diagram of the FAPID control scheme.
Table 5
Fuzzy rules of e, ec, Kp, K, and Kp.
e
Kp/K /K
PRI NB NM NS 70 PS PM PB

NB PB/NB/PS  PB/NB/PS PM/NB/ZO PM/NM/ZO PS/NM/ZO ZO/ZO/PB  ZO/ZO/PB
NM PB/NB/NS  PB/NB/NS PM/NM/NS PM/NM/NS PS/NS/ZO  ZO/ZO/PS  ZO/ZO/PM
NS PB/NM/NB PB/NM/NB PM/NS/NM  PS/NS/NS  NS/ZO/Z0 NM/PS/PS NM/PS/PM
ec ZO  PM/NM/NB PM/NS/NM PM/ZO/NM ZO/ZO/NS  NS/PS/Z0  NB/PS/PS NB/PM/PM
PS PM/NS/NB PM/NS/NM  PS/ZO/NS  NS/PS/NS  NM/PS/ZO0 NB/PM/PS NB/PM/PS
PM PS/ZO/NM  ZO/ZO/NS  ZO/PS/NS NM/PM/NS NM/PM/ZO NB/PB/PS  NB/PB/PS
PB ZO/ZO/PS  NS/ZO/ZO0  NS/PS/Z0 NM/PM/ZO NM/PB/Z0 NB/PB/PB  NB/PB/PB
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In Refs. 21 and 22, the idea of a variable universe domain that can contract when the error is
decreasing or expand when the error is increasing was proposed. The effectiveness of fuzzy
rules and the accuracy can be increased by domain contraction. The process of domain
contraction is shown in Fig. 6. The key point of the variable universe domain involved in the
FAPID control scheme is to let the basic domains of the input and output of the control system
change with the control requirements by employing scaling factors.

The structure of the two-inputs-three-outputs VUFAPID control scheme, which combines
the concept of a variable universe domain with the FAPID control scheme, is depicted in Fig. 7.
The basic domains of the input and output can be varied with the control requirements. At the
same time, the gains of PID control are tuned online and adapted by the variable universe fuzzy
control scheme. Three VUFAPID controllers are utilized to control the variables ¢, g5, and 7 of
the gantry crane system.

For each two-inputs-three-outputs VUFAPID control, the operations are described as
follows. Let [—e(, ¢g] be the basic domain of input variable e, [—ec(, ec] be the basic domain of
input variable ec, [k, ko] be the basic domain of output variable Kp, [~k;o, k;o] be the basic

domain domain
expansion contraction
1
—alx)E I g I alx)E
I , I
| i
I 1
| ]
' :
—alx')E 0 ol )E

Fig. 6. Contraction and expansion of the variable universe domain.

Adaptive Adjustment
Rule In Universe
h J
E =
> o
2 "o, = 5§ %
I S LIS LS
By = o
d/dt o, —ME||5|]|8
v
) + PID Fuzzy |y Contrclled ,{f)=

- Control Object

Fig. 7. Schematic diagram of VUFAPID control.
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domain of output variable K, and [k, k] be the basic domain of output variable K. For the
two-inputs-three-outputs fuzzy inference system, it is assumed that Xp = [-E,,, E ], p = 1, 2, is
the basic domain of input variable x,, and ¥, = [-K,, K], ¢ = 1, 2, 3, is the basic domain of output
variable y,. The fuzzy partitions of x, and y, are given by {a,;};, p = 1, 2 and {b;};, ¢ =1, 2, 3

with i =1, 2, ..., 7, respectively. We defined the matrices 4 = [aliazj]7x7, B= [bqi]3x7, Lj=12,..,
7. Then, for the given 7 x 7 fuzzy rules,

if x| is ay; and x, 1S ay;, then y; 18 by, y, 18 b,,, and y3 is by,

where the indexes are integers satisfying 1 <4, j, [, m, n <7. The fuzzy inference is derived as
r
vy=> 4B :Z[aliaz j][qu ] g=1,2,3. 5)
i=1

The concept of the variable universe is that the X, and ¥, domains vary with and are self-
adapted by the input and output variables x, and y,, respectively. That is, the basic domains of
the input and output variables can be expressed by X,(x,) = [~a(x,)E,, a(x),E,] and Y (y,) =
B K, B(yK, ], where 0 < a(x) and f(y) < 1 are the contraction-expansion factors of the
input and output domains, respectively. In this study, the input contraction-expansion factors are
defined by a(e) = 1 — 0.6exp(—0.5¢?) and a(ec) = 1 — 0.6exp(—0.5(ec)?), and the output contraction-
expansion factors are defined by Bp = f; = 2|el, B; = 1/e| + 0.7).G%

4. Experimental Results

In this section, the control effects of VUFAPID and the other three aforementioned control
methods applied to the 2DOF gantry crane system are evaluated using the experimental system
shown in Fig. 1. The system parameters are as follows. The masses of the trolley and load are 1
and 5 kg, respectively. The initial trolley position is ¢; = 0 m and the controlled target position is
¢ = 1.0 m. The length of the cable is controlled to decrease from ¢, = 1.0 to 0.5 m. The
experimental results of VUFAPID control, traditional PID control, traditional fuzzy control, and
FAPID control are depicted in Figs. 8—11, respectively.

The trajectory tracking and anti-swing control for the above four control schemes are
effective. The shortest settling time occurs for VUFAPID control. In the results for the position
control of the trolley, overshoot occurs for traditional PID control and fuzzy control. By
comparing the results in Figs. 9 and 10, traditional fuzzy control is found to have a slight
advantage over traditional PID control for the 2DOF grant crane control system. By comparing
the results in Figs. 8 and 11, the time required for the length of the cable to reach the designated
length under FAPID control is considered to be larger than that under VUFAPID control.
Regarding the swing angle of the load, the oscillation of the swing angle for VUFAPID control is
the least frequent among the four control schemes. On the whole, VUFAPID control is superior
to the other control schemes. The performance of the VUFAPID control scheme is acceptable
when compared with the control performance in past studies.(12:13)
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Fig. 8.  (Color online) Experimental results of VUFAPID control. (a) Position of trolley. (b) Length of cable. (c)
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Fig. 9. (Color online) Experimental results of traditional PID control. (a) Position of trolley. (b) Length of cable. (c)
Swing angle of load.
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Fig. 10. (Color online) Experimental results of traditional fuzzy control. (a) Position of trolley. (b) Length of cable.
(c) Swing angle of load.
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5. Conclusion

In the study, four types of control scheme, VUFAPID, FAPID, traditional PID, and fuzzy
control schemes, are employed to control an experimental prototype of a 2DOF gantry crane
system. The procedures of control design are described and the experimental results are given.
According to the overall experimental results, the VUFAPID control scheme is superior to the
other control schemes.
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