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Gantry crane dedicated to copper electrolysis (CE) acts as a robot in
factories to transport and assemble cathode and anode plates. Because
the electrolyte panels are so thickly arranged that when the crane moves
there is a great fluctuation resulting in inaccurate positioning, even
causing unsafety. The article proposes to use dual PID controller with
optimized parameters adjusted through genetic algorithm (GA) to
control the gantry crane. The first PID controller controls the load
oscillations, while the second PID controller controls the position of
the crane. Dual PID controllers are tested through MATLAB/
Simulink simulations. Simulation results t ;v = 3.5's, t_xgx = 3.3 5,
0 max = 0.12 rad show that when using dual PID controllers quality
better control when using a PID controller and when changing system
parameters, interference impact on the system shows that the crane is
still good quality control.

UNG DUNG GIAI THUAT DI TRUYEN THIET KE BQ PIEU KHIEN PID KEP
PE PIEU KHIEN GIAN CAN TRUC CHO PIEN PHAN PONG
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Gian can truc

Giai thuat di truyén
Diéu khién vi tri
Diéu khién PID
Diéu khién dao dong

Gian can truc danh cho dién phan dong (CE) hoat dong nhu mét robot
& cac nha xudng dé van chuyén va lap rap cac tim cathode, anode. Vi
céc tam dién phan duoc sap xép day dic nén khi can tryc di chuyén cé
su dao d6ng 16n dan dén kha ning dinh vi thiéu chinh xac, tham chi
gy mét an toan. Bai bao d& xuat sir dung bo didu khién PID kép véi
cac thong sb dugc didu chinh tdi uvu hoa thong qua giai thuat di truyén
(GA) dé diéu khién gian can tryc. Bo diéu khién PID dau tién kiém
soat su dao dong cua tai trong, con bo diéu khién PID tht hai didu
khién vi tri can truc. Bo diéu khién PID kép duoc kiém tra thong qua
mo phong MATLAB/ Simulink. Két qua mo phong t vt = =355, t ygx
=335, 6 ma = 0.12 rad cho thay khi sir dung b diéu khién PID kép
chat luong diéu khlen t6t hon khi str dung mot bo diéu khién PID va khi
thay ddi cac thong sd hé thong, tac dong nhiu vao hé théng cho thay
gian can tryc van dat duoc chét luong didu khién tét.
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1. Introduction

The world is developing more and more, the amount of iron and steel, non-ferrous metals and
other basic materials is in high demand more and more, to transport all these materials, gantry
cranes are indispensable. Where the copper electrolysis (CE) gantry crane as shown in Figure 1 not
only transports the electrolytic plates, but also performs another very important task of assembling
the electrolytic plate into the side slots in the electrolysis tank or into slots for other robots. Safe,
efficient, and timely transportation and assembly of electrolytic plates into slots is essential.
Therefore, there have been many studies to improve the operational efficiency of gantry cranes.

Structurally, Huang et al. [1] shows an overhead gantry crane for copper electrolysis that
makes efficient use of the workspace below the crane. The overhead gantry cranes are moved by
the forklift and the load is suspended on the forklift via slings [2]. The overhead crane has the
functions of lifting, lowering and traveling, but the natural swing of the load makes these

functions ineffective, which is a pendulum motion [3].
: —

Figure 1. Gantry crane for CE

The swaying of the load is caused by the moving movement of the forklift truck, the frequent
change in the length of the load sling, the weight of the load and the impact caused by
disturbances such as wind, collision... Therefore, a number of large studies are used to control the
operation of automatic cranes with small shaking angle, short transport time and high accuracy
such as adaptive control [4], planned trajectory [5], input shape [6], slide mode control [7], dual
PD dimming control [8] where the first fuzzy controller controls cart position, while the second
dimming controller prevents the shaking angle of the load has the advantage of reaching the
desired position quickly, the shaking angle of the load is small but must be controlled with a
small distance. The double fuzzy control [9] has the advantage of achieving a small swing angle,
but a large overshoot and a long time to reach the desired position exist. PID controller is a
controller widely used in industrial control system [10], due to its simple structure, easy
adjustment and good stability. The parameters of conventional PID controller are adjusted by
applying traditional or empirical method. However, in order to have optimal PID control
parameters for complex systems, researchers started to use DE [11], PSO [12] algorithms to
optimize controller parameters. PID in [11], there are advantages of large distance control, but
there is still overshoot and large swing angle. In [12], it has the advantage of achieving the
desired position quickly, the shaking angle is small, but the load fluctuations are constant.

In this paper, dual PID controllers are proposed with optimized parameters adjusted through
genetic algorithm (GA) to control the position of the crane and control the shaking angle of the
load. The designed controllers are tested through MATLAB/Simulink simulation with good
working results.

The rest of the paper is structured as follows. Section 2 presents dynamic model of gantry
crane system for copper electrolysis. The design of PID controllers is presented in section 3.
Section 4 describes simulation results when changing system parameters. Section 5 gives some
conclusions.
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2. Dynamic model of crane system for copper electrolysis

A gantry crane system for CE is shown in Figure 2 [8], parameters and values are taken in
proportion to the actual value as shown in table 1. The system can be modeled as is a forklift with
mass M . A pendulum attached to it has a tonnage of m and I is the length of the load sling, & is

the swing angle of the pendulum, & is the angular velocity of the load.

6=0
e\ M F=0
— X
0 |
T

Ym

Figure 2. Diagram of the gantry crane system for the CE

Table 1. Symbols and values of crane gantry parameters for CE

Symbol Describe Value Unit
M Forklift weight 5 Kg
I Length of load cable 1 m
m Load mass 10 Kg
g Gravitational constant 9.81 m/s?
u Coefficient of friction 0.2

According to the Lagrangian equation:
djor)_or op
dtlog, ) oo oq

1)

Where: Zis the potential energy of the system, ¢; is the generalized coordinate system, 7is the
number of degrees of freedom of the system, ¢; is the external force, and T is the kinetic energy

of the system:
n 1 .
T= ZEij?

j=1

From Figure 2, we have the position components of the forklift and the load as:

Xy =X
X, =x+lsing

From (3) we have the components of the forklift's velocity and the load are:

Xy =X
X, =X%+10cosé
The kinetic energy of the cart is:

The kinetic energy of the load is:
T = % m(x? +1%60% + 2x10 cos 6)

From (5), (6) we have the kinetic energy of the system as:

)

©)

(4)

(%)

(6)
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T=T,+T, =%Mx2%m(x2+|29’2+2>'<|9'cos9) (7)
The potential energy of the system is:
P =mgl(1—cos®) (8)
From (7), (8) we have:
Z—T:Mx+mx+mlécose )
X
E[a—sz(M +m)% +mld cos & —mld?sin @ (10)
dt\ ox
T _o0 Py (11)
OX OX

Similar calculations (9), (10), (11) and instead of (1) we have the nonlinear equation of
motion of the gantry crane system for CE as follows:

(M +m)%+mldcos@—mlé’sind = F — ux (12)

ml cos 8% +ml?6 + mglsin@ =0 (13)

Put X, =X, X, =X, X, =6,X, = 0 then from (12), (13) we have the system of equations of

state of motion of the gantry crane system for CE that has been reduced to the derivative of the
following form:

X =X
)'(2 = fl(Xl,Xz,XS,XA, F) (14)
%, =X,
X, = fz(xlvxz’xa'x4’F)
in there
- (Imsin(x,)x} + F = ux, + gmcos(x,)sin(x;)) (15)
1o (M +m-mcos*(x,))
. —(gmsin(x3) — 11X, C0S(X,) + F cos(X, ) + Im cos(x, ) sin(x,) X2 + Mg sin(x3)) (16)
, =

(MI+ml—ml cos®(x,))

F is external forces acting on the gantry crane system.
3. Design of PID controllers
3.1. Design a PID controller to control the gantry crane for CE
3.1.1. Schematic design using a PID controller to control the gantry crane for CE

The PID controller has a simple structure, and is easy to use, so it is widely used in controlling
SISO objects according to the feedback principle. For the gantry crane system for CE, there are
two parameters that need to be controlled, namely crane position and load fluctuation, in this
section we choose crane position control as the main parameter while the remaining parameter is
applied to the action of the main parameter reference point with the control diagram as shown in
Figure 3. The PID controller is responsible for bringing the error e(t) of the system to zero so that
the transition process satisfy basic quality requirements.

The mathematical expression of the PID controller described in the time domain has the
following form:

1 de(t
u(t) =k, (e(t) + f_([e(t)dt +T, %} (17)
Where: e(t) is the input signal, u(t) is the output signal, ke is the gain, T, is the integral time
constant, and Tp is the differential time constant.
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The transfer function of the PID controller is as follows:
G,(s) =k, +%+ kos (18)

Parameters kp, k;, kp need to be determined and adjusted for the system to achieve the
desired quality.

m
X_re
u(ty 2P -
N e EUT]
X p w0
Gantry crane PID Controller

Figure 3. Structure diagram of matlab using a PID controller to control a gantry crane for CE

3.1.2. Find the parameters of the PID controller by Ziegler-Nichols method combined with trial
and error method

For the gantry crane system model for CE, we use the second Ziegler-Nichols method to
adjust the parameters of the PID controller. From Figure 3 with the parameters in table 1 and in
case the desired forklift position is X, = 1m, we assign the initial gain k,_.y and kp_z. to zero.
The ke_zn gain is increased to the critical value ku, at which the open-loop response begins to
oscillate. k, and oscillation period T, are used to set the parameters of the PID controller
according to the relationship proposed by Ziegler—Nichols in Table 2.

Table 2. PID parameters according to the 2nd Ziegler-Nichols method

Controllers Kp 7. T, 2N To zn
PID 0.6ku 0.5Tu 0.125Tu

After using the above method, we get the values of the PID controller as follows: ke_».n = 40,
kI_Z-N = 2353, kD_Z-N =17.

Based on the results we have just found, we continue to refine the parameters of the PID
controller by trial and error method as follows:

Step 1. Keep kp = kp_z.n = 40.

Step 2. Gradually reduce the k, parameter as small as possible because the gantry crane system
for CE has integral components.

Step 3. Gradually increase kp to reduce overshoot of crane position response curve.
2 c c c 0.5 c — :

0 10 20 30 40 50 0 10 20 30 40 50
Time (s) Time (s)

(@) (b)
Figure 4. The characteristic curve (a): for the position of the forklift, (b): the swing angle of the load

Through trial and error, the following results were obtained: kp = 40, k; = 0.01, kp = 35. The
simulation results are shown in Figure 4. In which: x,, 6y, is the response characteristic curve,
respectively. Forklift position and load swing angle in the case of PID controller parameters found
by the 2nd Ziegler—Nichols method, for forklift position with 70% overcorrection (POT), wrong the
setting number (e_) 0%, the time to establish the position (t_x) 28 s, and for the shaking angle of
the load, the largest angle (6max) 0.3 rad and the time to establish the shaking angle (t_qx) 26 s; X, 6,
respectively, is the response curve of the forklift position and the swing angle of the load in the case
of PID controller parameters found by the Ziegler—Nichols method combined with the trial and
error method with POT = 5%, e_,; = 0%, t_: = 3.8 S, _max = 0.185 (rad) and t_yq4 = 4.3 s. It can

X

X

Position (m)
=

Swing angle (rad)
o

o
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be seen that in the case of PID parameters found by Ziegler—Nichols method combined with trial
and error method, the gantry crane system achieves better control quality.

3.1.3. Finding PID controller parameters by genetic algorithm (GA)

- Genetic Algorithm (GA): is an algorithm for searching and selecting optimal solutions to
solve various real-world problems, based on the mechanism of natural selection: From the initial
set of solutions and many evolutionary steps, a new set of more suitable solutions is formed, and
eventually lead to the globally optimal solution. GA has the following features: First, GA works
with populations of many chromosomes (chromosomes - collection of solutions), looking for
many extremes at the same time. Second, GA works with symbol sequences (chromosomal
sequences). Third, GA only needs to evaluate the objective function to guide the search process.

- Objective function:

In the closed-loop control system of Figure 3, let e(t) be the difference between the reference
signal Xt and the response signal x(t) of the system, we have:

e(t) = X, — X(t) (19)
The objective function of the PID controller tuning process is defined as follows:
J :%ief(t) —e(t) (20)

The task of GA is to find the optimal values (Kp.ca, Ki-ca, Kp-ca) Of the PID controller, where
the objective function J reaches the minimum value.

- Search space:

In order to limit the search space of GA, we assume that the optimal values (Kp.ga, Ki-ca, Kp-ca)
lie around the value (kp, ki, kp) obtained from the Nichols - Ziegler 2" method incorporates a trial
and error approach. The specific search limits are as follows:

0<K, o, <50
0<k, ¢ <0.01 (21)
0<Kky_ g, <50

Tweaking PID controller parameters by genetic algorithm (GA)

Genetic algorithm (GA) supported by MATLAB software is used as a tool to solve the
optimization problem, in order to achieve the optimal values of the PID controller satisfying the
objective function (20) with search space (21). The parameters of GA in this study were selected
as follows: Evolution over 500 generations; population size 5000; hybridization coefficient 0.6;
mutation coefficient 0.4. The process of finding the optimal value of the PID controller by GA is
briefly described on the algorithm diagram in Figure 6. The search results are as follows: kp.ga =
372, kI—GA = 0, kD—GA =40.7.

2

o
N

— 0

\P —

0 é "1 (; E; 10 0 2 4 t:) 8 10
Time (s) Time (s)
(a) (b)

Figure 5. The characteristic curve (a): for the position of the forklift, (b): the swing angle of the load

The simulation results are shown in Figure 5. In which: x, 0, are respectively the response
curve of the forklift's position and the shaking angle of the load in the case of PID controller
parameters found according to the Ziegler—Nichols method combined with trial and error; x1, 01,
respectively, is the response curve of the forklift's position and the swing angle of the load in the
case of optimized PID controller parameters through GA with POT = 0%, e ,,=0% ,t =355,
0_max = 0.165 (rad) and t_ug = 3.3 s. It can be seen that in case the PID controller parameters are

Position (m)
=
|
|
Swing angle (rad)
o

o
N
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optimized through GA, the gantry crane system achieves better control quality. Obviously, using
GA saves time searching for PID controller parameters and gives optimal search results than

traditional or empirical methods.

| Random: initialization for (K, ko, ks) |

Set up PID and simulate closed
system to determine

| Estimating the objective function T |

. Yes
Bom generation Converging?

No | Save the optimal value of the PID |

GA procedures

- Selective
- Hybridization

-Mutation

Figure 6. Flowchart of the GA process algorithm to determine the parameters of the PID controller
3.2. Design two PID controllers to control gantry cranes for CE
3.2.1. Schematic design using two PID controllers to control gantry cranes for CE

In fact, when the crane gantry for CE was in operation, it caused the electrolytic plates to
fluctuate quite large, affecting the ability to accurately position the crane, especially the assembly
of the electrolytic plate into the side slots in the electrolysis tank is very difficult. There are also
some consequences such as dropping of electrolytic plates, mechanical damage and short circuit
accidents. Therefore, in addition to accurate positioning, it is also necessary to control the swing
angle of small loads. To do this we have designed compromise dual PID controllers. In which the
first PID controller controls the load fluctuations, and the second PID controller controls the
crane position with the diagram as shown in Figure 7.

S

x_ref

e2(t) u2(t) o
u(t)

PID Controller 2

el(t) uit)

PID Conroller 1

6_ref

Figure 7. Structure diagram of matlab using dual PID controllers to control crane gantry for CE
3.2.2. Finding parameters of dual PID controllers by genetic algorithm (GA)

- Objective function
In the closed-loop control system of Figure 7, there are:

&) =0 —0()
€, t)= X pet — x(t)
The objective function of the process of tuning dual PID controllers is defined as follows:
N
R NAORL{ORAO (29
j=1

The task of GA is to find the Optlmal values (kP—GAla Ki.ca1, Ko-cat, Ke-caz, Ki-caz, kD—GAZ) of dual
PID controllers, when J reaches the extreme value.
- Search space

(22)
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To limit the search space of GA, we assume that the optimal values (Kp.ca1, Ki.ca1, Ko-cat, Kp-
ca2, Kieaz, Kp.gaz) lie approximately in the value (Kp.ga, Ki.ca, Ko.ca) Obtained from applying GA
to a PID controller. The search limits are as follows:

0<Kp o £20;  20<K, cp, <40

0<K o <0.0L  0<K, ¢, <0.01 (24)
0<Kp g 2L 21<Kpy gup <42

D-GA2 —

- Tweaking parameters of dual PID controllers by genetic algorithm (GA)

Apply GA to find the optimal values of satisfying dual PID controllers (23), (24). In which the
process of evolution over 1000 generations; population size 5000; hybridization coefficient 0.6;
mutation coefficient 0.4. The search process is described as shown in the algorithm diagram in
Figure 6. The results are as follows: kp.gar = 9.5, Ki.ga1 = 0, Kp.gar = 3.7; Kp.gaz = 29.1, Ki.gaz = 0,
kD-GAZ =37.5.

2 T

o
N

Position (m)
=

Swing angle (rad)
o
3

o
N
g
o
oo

E—C]
_ —86

o
N}

0 2 4 6 8 10 10
Time (s) Time (s)
(a) (b)
Figure 8. The characteristic curve (a): for the position of the forklift, (b): the swing angle of the load

The simulation results with the desired forklift position X_ = 1 m and 6 , = 0 (rad) are
shown in Figure 8. Where: x, 0, are the characteristic curve that responds to the forklift's position
and the shake angle of the load in the case of using a PID controller; x1, 01, respectively, is the
response curve of the forklift's position and the swing angle of the load in the case of using two
PID controllers with parameters optimized through GA with POT = 0%, e ,y = 0%, t .« = 3.5,
0_max = 0.12 (rad) and t_,qx = 3.3 S.

By comparing the results when using PID controllers, it can be seen that the controllers
achieve good control efficiency. But the use case of two PID controllers has stronger adaptability
and better control quality.

To clarify the superiority of the solution, the authors compared two GA-PID controllers
designed with other published control methods as shown in Table 3.

Table 3. Comparison of GA-PID with other published control methods

DE-PID Fuzzy -PD PSO-PID Double

Symbol GA-PID PID [11] 1] 8] [12] Fuzzy [9]
x_ref 1m 5m 5m 0.2m 0.4m Im
POT 0% 6% 3% 0% 0% 13%
ey 0% 0% 0% 0% 0% 0%
i 35s 13s 12s 45s 25s 35s
LS 33s 25s 25s 35s o0 26's

0. ax 0.12 rad 1.5rad 0.65 rad 0.06 rad 0.09rad  0.02rad
O in 0 rad 0 rad 0 rad O rad 0.035 rad 0 rad

Based on the results in Table 3, it can be seen that the controllers have good test performance.
In which: double fuzzy [9] has the smallest 6_nax but large POT, t_, large t_yg« exist. PSO-PID
[12] has t_uw, O_max SMall however t_,gq approaches . Fuzzy-PD [8] has t_uw, t_xg 6_Max
small however with small x_ref. PID and DE-PID [11] control with large x_ref however there
exist large POT, t_u, t_xigw 0_max- GA-PID does not exist POT, t_yu, t_yxig €_max SMall. Since
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the power distribution is fixed and close to each other, it is best to determine the position of the
crane burner first when using the GA-PID controller.

4. Simulation results when changing system parameters

In actual production, when the gantry crane system for CE is in operation, the parameters of
the travel distance, the length of the load sling and the weight of the load are constantly changing.
To keep abreast of the actual situation and study the impact of dual PID controllers, we in turn
change the specific system parameters as follows: Case 1 (TH1) changes the distance traveled
with the position the desired forklift x_s moves from 0 m to 1 m, then changes from 1m to -0.5
m, and finally changes from -0.5 m to Om, 6 _,¢ = O (rad), system parameters in table 1
unchanged. Case 2 (TH2) the desired position of the forklift is the same as TH1 but increases the
length of the sling with the load | = 1.5 m, other parameters remain unchanged. Case 3 (TH3) the
desired forklift position is the same as TH1 but increases the mass of the load m = 15 kg, other
parameters remain the same.

2 T T T

Desired position < 6-TH3
o - x-TH3 g 8-TH2
= 1r X-TH2 @ 8-TH1
= x-TH1 ] \/\ —
g° g
- &
1 : r r : : 0.2 : : r : :
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (s) Time (s)

@ (b)
Figure 9. The characteristic curve (a): of the response of the forklift's position,
(b): the swing angle of the load when changing system parameters

The simulation results are shown in Figure 9. In which: Xt1, 0.1H1, X7H2, 0-TH2, XTH3, O-TH3, are
the corresponding position response characteristic curves of forklift truck and the swing angle of
the load for the three cases. It can be seen that when using dual PID controllers for the cases of
changing system parameters, the characteristic curves of the response of the forklift's position and
the swing angle of the load in TH2, TH3 closely follow the solid line calculated in TH1. The
gantry crane system can still achieve accurate position in a short time and control the shaking
angle of small loads.

In addition, when the gantry crane system for CE operates, there are external noises affecting
the system. Especially at the times when the gantry crane increased speed, reversed rotation and
stopped the engine, causing the electrolytic plates to oscillate and at the same time, combined
with the pulse effect of the wind and impact, causing the load to fluctuate strongly. than. To test
the reliability of dual PID controllers, the authors hypothesized that the noise signal steps [9]
affect the crane gantry system at specific times as follows: First at the time of rising speed (step
time = 2 s, deflection angle = 0.3 (rad), time = 2 s); second at the time of rotation reversal (step time
= 2 s, deflection angle = 0.5 (rad), time = 2 s); third at the moment of motor stop (step time =2 s,
deflection angle = 0.2 (rad), time = 2 s).

2 T T T

— Desired position g 0.2 : : ) [ ——— 6THN
E L X-THN Py —— -TH1
5 x-TH1 =2 —
*g‘ ol — ; 0 M\\/
D_ S _ § v
1 ; : : : : h 0.2 ; : : ; :
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (s) Time (s)

(a) (b)
Figure 10. The characteristic curve (a): of the response to the position of the forklift,
(b): and the angle of the load in the presence of noise
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The simulation results are shown in Figure 10, in which Xtyn, 6.1y are respectively the
characteristic curve that responds to the forklift's position and the shaking angle of the load when
there is impact noise, still sticking to the road characteristic X.ty1, 0.11. It can be seen that the
response of the system does not change despite the small overshoot and the increase in load
fluctuations, but the system still achieves good control quality.

5. Conclusion

In this paper, the author has designed a PID controller with the parameters found by the Ziegler—
Nichols method combined with the trial and error method as a basis to limit the search space for
GA to designed dual PID controllers. The dual PID controllers are tested through
MATLAB/Simulink simulation. Simulation results when using a PID controller to control the
gantry crane for CE with t_: = 3.5 S, 8_max= 0.165 (rad), t_xg = 3.3 s, simulation results when
using dual PID controllers to control the gantry crane for CE with t_ = 3.5S, 8_max= 0.12 (rad),
t_xgx = 3.3 s shows that the control quality when using dual PID controllers is better than when
using one PID controller. To check the reliability of the control method, the authors simulated when
the system parameters changed and there were disturbances affecting the system. The results show
that the gantry crane for CE can still move to the desired position quickly and control the
fluctuations of small loads. The investigation of the stability of the system for large loads or the
influence of large disturbances needs to be experimented/simulated many times to determine the
stability domain of the system, which is also the next development direction of the research.
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