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Makale Bilgisi OZET

Bu c¢alismada 3 serbestlik dereceli eksik eyleyicili bir sistemin konum kontrolii
gerceklestirilmigtir. Gelistirilen yaklagim ikili sarkag tipi tepe vincinin lizerinde denenmistir.
[lk olarak sistemin matematiksel modeli dogrusal olmayan dinamikler dikkate alinarak Euler-
Lagrange metodu ile elde edilmistir. Benzetim g¢alismalarinda PID ve LQR kontrolciileri
kullanildigindan ~ dogrusal olmayan model sistemin denge noktasi etrafinda
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Anahtar Kelimeler: dogrusallastirilmistir. Elde edilen dogrusal model kullamlarak PID ve LQR kontrolciilerinin
Tepe Vinci, parametreleri Yapay Ari Kolonisi Algoritmasi ile ayarlanmigtir. Optimizasyon siirecinde
Yapay Zeka sistemin {i¢ serbestligindeki hatanin minimize edilmesi ic¢in geleneksel uygunluk
LQR, fonksiyonlarindan Zamansal mutlak hatalarin toplami (Integral Time Absulate Error)
PID, fonksiyonu se¢ilmistir. Ayrica arabanin hassas hareketini saglamak i¢in amag fonksiyonu birim
Yapay Ari Kolonisi basamak cevaplarmi igerecek sekilde iyilestirilmistir. Kontrolcli performanslari benzetim
Algoritmast. ortaminda yapilan ¢aligmalar ile denenmistir. Sonuglar tablo ve grafikler halinde sunulmustur.
Onerilen yaklasim ¢ok serbestlik dereceli ve eksik eyleyici sistemlerin kontroliinde
kullanilabilir.

Avrtificial Intelligence based LQR and PID Controller Design of 3 Degree of Freedom
System

Article Info ABSTRACT

In this study, the position control of a 3 DoF underactuated system is carried out. The developed
approach is tested on a double pendulum overhead crane. Considering the nonlinear dynamics
of the system, its mathematical model is first obtained by Euler-Lagrange model. Then, since
PID and LQR controllers are used in the simulations, the nonlinear model is linearized around
the equilibrium point of the system. Using the linear model, the parameters of LQR and PID
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INTRODUCTION

Industrial cranes are frequently used in various stages of production. Transporting especially
heavy loads from one place to another in production processes is one of the most important processes
of production. The main function of industrial cranes is to transport heavy loads. What is expected from
industrial cranes is to transport the loads they carry to a desired location quickly and with as little
oscillation as possible. For this reason, different control methods enable the load to be transported from
one point to another with minimal oscillation [1].

Oscillations are reduced by using different control approaches. In the control applications of
industrial cranes, open- and closed-loop control approaches are frequently used to reduce oscillations.
Some well-known examples of open-loop control approaches are input shaping, filter and command
smoothing applications [2-4]. The command shaping control method was also used to control a double
pendulum crane in an open-loop control architecture [5]. For the closed-loop control applications, PID
(Proportional-Integral-Derivative) controllers are usually preferred [6-8]. Apart from this, LQR method
was also applied to control crane position [9].

The fine-tuning process is extremely important to satisfy the control performance criteria
determined in the design process. Various methods have been utilized to perform the fine-tuning process.
For the industrial control applications, there are some traditional control tuning methods such as Ziegler-
Nicholas and Cohen-Coon methods. However, these control tuning methods usually struggle to meet
the control criteria when a cascade control strategy needs to be implemented in the control applications
such as double overhead pendulum crane (DPOC), flight control and inverted pendulum control systems.
Therefore, to deal with these complex control problems, some advanced tuning methods must be
applied.

Optimization methods have been successfully applied to fine-tune the parameters of different
control methods for many years. The behaviours of animals in the nature inspire the researchers to
develop effective optimization algorithms for the parameter estimation in the control process so that the
estimated parameters are sufficiently accurate to achieve the desired performance [10, 11]. In general,
an optimization method searches the required parameters within a pre-defined local space which can
minimize an objective function defined by considering the control aims.

Bandong et al. [12] have compared three optimization techniques, namely Particle Swarm
Optimization (PSO), Flower Pollination Algorithm (FPA), and Stochastic Fractal Search (SFS), to tune
the PID controller parameters in the control of the position and sway angle of the gantry crane. In
another study, a 3D crane system was considered, and a PSO based PID-PID control structure, including
one outer loop and one inner loop, was built to control the crane without an enormously large swing
angle [13]. Genetic Algorithm (GA) is also an alternative optimization approach for tuning PID and
LQR parameters in gantry crane control [14-16]. An alternative approach was to use a generalized
predictive control (GPC) approach, which is known as a robust-optimal control [17], to tune PID
parameters for the control of a 3D crane system [18]. In addition, fuzzy systems are also applied to fine-
tune control parameters due to their model independent structure [19].

In this study, both PID and LQR controllers are utilized in a feedback control architecture for the
position and anti-swing control of a double pendulum overhead crane (DPOC). DPOC is an
underactuated system. In other words, the system has a single actuator and three degrees of freedom.
Successful control of the system is possible by fine-tuning the controller gains. The control parameters
are fine-tuned by using Artificial Bee Colony (ABC) Algorithm. To the authors’ knowledge and based
on their literature search, limited research has focused on ABC based PID and LQR controllers for the
DPOC system. Therefore, the main aim of this study is to compare the performance of PID an LQR
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controllers tuned by ABC algorithm for the position and anti-swing control of DPOC system. In
addition, to minimize the performance measure defined in terms of ITAE as well as the overshoot and
the settling tine, a specific objective function is also proposed. The comparative analysis is performed
in a simulation environment, and the results show that LQR provides better control performance than
PID.

MATHEMATICAL MODEL OF DPOC

A schematic representation of a DPOC system is given in Figure 1. As seen in Figure 1, this crane
mechanism consists of trolley, hook, and payload whose masses are m;, my,, and m,,, respectively. The
trolley is connected to the hook via a cable of length [;;, and the hook is connected to the payload by
using another cable of length 1,,,,. In the modelling process, the cables are assumed to be inflexible and
massless. The trolley can be moved back and forward on a bridge rail by an actuating force F,; to
transport the payload to a desired position. During the transportation of the payload, the hook and
payload exhibit swinging motions determined by the hook swing angle 8, and payload swing angle 6,,.
Therefore, the main control problem is here to design an effective controller that can suppress these
swing angles, thereby stabilizing the payload around the vertical axis passing through the centre of
gravity of the trolley.

A

Fy

<

payload

Figure 1
Schematic representation of a double pendulum overhead crane

By using Euler-Lagrange method, the equations of motion can be described in a matrix form [20-
23] as

M(@)g+C(qqq+G@q=U (1)

where ¢ = [¥ 6n 60,], and M(q), C(q,q), G(q) and U denote respectively the inertia matrix, the
centripetal-Coriolis matrix, the gravity vector, and the control input vector. The terms in the
mathematical model of the double-pendulum overhead crane can be explicitly written as

my +my +m,, (mh + mp)lth cos 0, Mmpylp, cos 6,
M(q) = |(my +my)ley cos By (mp, +my)1Z, My lenlny cos(6, — 6,) (2)
My Ly, cOS 6, Mylenlny cos(0y — 6,) myl3
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0 —(mh + mp)lthéh sin @y —my, lhpép sin 6,
C(q,q) = |0 0 My lenlpp 0, sin(0, — 6,) (3)
0 —myleplny0, sin(8, — 6,) 0
G(@) =[0 (mp+m,)glysind, m,gly,sin Gp]T (4)
U=[Fact—F 0 0T ()

where F ¢ represents the nonlinear mechanical friction between the trolley and the rail. The friction force
can be modelled by

Fr (%) = fyo tanh (?) — k%)%

where f,.o and ¢ are the static friction-related coefficients, and k,. is the viscous friction-related
coefficient parameter [24]. Additionally, by considering the physical nature of the overhead crane
system, the hook swing angle 8, and the payload swing angle 8,, can be assumed to change within the

range of

T s
—E<9p,9h <E,Vt> 0

to solve the control problem of DPOC system, PID and LQR controllers are utilized. Therefore, the
nonlinear system model (1) should be linearized around the equilibrium point of the system, i.e. 8, = 0
and @,, = 0. Assuming that sin 8}, = 6, sin@, = 6, cos8, =1, cos0, = 0,, 6, =0 and §,, =
0, the linear model is obtained in the following form

X% = A% + Bu (6)

where X =[x 6, 0, x 6, 6,]andu=F,,. The system and control matrices of the linear
system (6) are given as follows:

O3x3 I3x3 O3x1

_ [0 a2 0 ay 0 O _| bs
A= 0 as, ass as, 0 0 and B = by

0 gz 0Ag3 0 0 0 0

with ag, = g(mp, + m,)m;', a4y = —fro({m) ™", asy = —g(m, + my)(my, + my)mlyly,,
_ _ -1
asz = gmy(Lymp) ™1, asy = fro(miliy) ™, agz = g(mp + my,)(mplyy) ~ ags =

—g(my, + mp)(mhlhp)_l, b, = 1/m, and bs = —(m,l,,) .

CONTROLLER DESIGN

The control problem in this study can be stated as follows: given a desired setpoint x,., compute
a controller input F 4, to move the trolley to x,. while minimizing the swing angles 8, and 8,, as much
as possible. To achieve these control goals, PID and LQR controllers are designed and tested in a
simulation environment.

PID Controller

In classical control methods, the main aim is to determine the control input so that the control
requirements on the transient response characteristics can be satisfied. In general, these requirements
are determined in terms of some constraints on rise time, settling time, maximum overshoot, and steady-
state error. PID controller is a well-known classical control methods and still widely used in industrial
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control applications due to its simple structure and easy implementation.

To compute the required control input in PID based approach, the general form of the control law
can be given as

t
de
u=er+Kifedt+KdE @)
0

where e is the error signal between the reference signal and the output signal of the controlled
plant. For the position control of DPOC system, a PID based control architecture is built as shown in
Figure 2 where three different controllers are implemented. PID controller in the feedforward path is
utilized to move the trolley to the desired setpoint, and thereby attempt to minimize the error between
the desired position x,. and the current position x of the trolley. Other controllers in the feedback loops
are implemented to eliminate the swing angles 8, and 8,,. Therefore, the required control input w in (6)

is the summation of the control inputs produced by these three controllers.

X
&
y=Cx+Du >
Mathmatical B Ohp
Model

N o e o el e e e el

.

Figure 2
PID based control architecture

LQR Controller

Unlike classical control methods, optimal control methods in modern control theory are developed
to achieve relatively more challenging control performance, as defined by different performance
measures. For example, a system may need to move from an initial point to a final point in the minimum
time possible while minimizing control effort. Optimal control methods possess the capability to address
such control problems.

LQR controller is a type of optimal control methods developed for the plant whose dynamics can
be expressed as a linear time-invariant mathematical model. In LQR method, the main goal is to
minimize the cost function given by

ty
1
] = 5 f (XTQX + uTRu)dt
to

subject to ¥ = AX + Bu by using a control law in the form of
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u=—K=x (8)

where K = R™*BTP and P is a positive definite matrix that can be determined by solving the algebraic
Riccati Equation (ARE)

PA+ AP —PBR™IB'TP+Q =0
In addition, to ensure an asymptotic tracking of a reference signal with zero steady state error, an

integral state relating to the trolley position can be introduced. Then, the state vector ¥ becomes é =
[x. X.]where

X = [xd — X Hh Qp X 9h Qp]

and
Xe =f[xd—x]dt
Then, the model of the error dynamics can be derived as follows:
é =A%+ Bu
where
i [A O =~ [B
A= i O] and B = [0]

and the control law (7) can be now computed as

u=-Ké 9
with K = R~'BP where P is the solution of ARE given by

PA+ATP—PBRIBTF+Q=0

to control the DPOC system, the designed control architecture including LQR controller is
schematically represented in Figure 3.

( Y
I e ; f u | q X
re X=Ax+Bu A
| — K N > >
| —q Mathmatical | —— O
| LQR Controller Model |
v }
e TR -
|
[=—
M parapBR BT 0-0 LY I
| k-7 T |
I Feedback Gain ABC |
| /alculation I
| |
\_ _ _
Figure 3

LQR based control architecture

CONTROLLER TUNING METHOD
To fine-tune the control parameters of PID and LQR controllers given in (6) and (8), ABC
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optimization method is applied.
ABC Algorithm

The Atrtificial Bee Colony (ABC) Algorithm, first proposed by Karaboga [25], is used effectively
in many engineering fields [26-28]. As in other heuristic algorithms, ABC Algorithm aims to minimize
or maximize a specified function. Within the scope of the study, the traditional fitness function, ITAE
(Integral Time Absolute Error), presented in Equation 10 was used to minimize errors in the DPOC
system.

ITAE =ft|£|dt (10)

Here, t refers to time and ¢ refers to error. While all errors are minimized in the system, the trolley
must move with minimum errors. For this reason, a new objective function presented in Equation 11
was derived by combining the function written for the movement of the car with the ITAE fitness
function.

JOBJ= ITAE, + ITAE,, + ITAEq, + (1 — eF)Overshooty e P (tsg, — trg (11)

Here, ts and tr represent the settling and rising time of the trolley, respectively. B is the weight
coefficient. By reviewing the literature, B = 0.7 was taken in the study [29]. Table 1 presents the setting
parameters, lower and upper bounds, and final values of the LQR and PID controller gains.

Table 1
Optimized parameter values
Before After
Optimization  Optimization
Eg&vﬁg ggfﬁg Final Values
ql 0 300 217.17
q2 0 300 57.18
a3 0 300 300
x g4 0 300 0.0765
2 a5 0 300 299.796
a6 0 300 10.15
q7 0 300 299.69
r 0 300 0.001
— kpl 0 300 299.56
. O ki1 0 100 2.28
2 & kdl 0 30 0.99
S ~ kp2 0 300 13.07
S 9 ki2 0 100 0.001
O o kd2 0 30 2.27
2 "o kp3 0 300 299.95
Q ki3 0 100 44.49
O kd3 0 30 21.23

RESULTS

A set of simulations is performed to compare the performance of PID and LQR controllers. The
control objective is to move the trolley to the desired position, i.e. x,, = 0. 1m. The simulations start
from the same initial conditions, i.e. g = [x(0) 6x,(0) 6,(0)]T =[0 0 0]".Inthe simulations,
the parameters of the DPOC system are selected from the literature and given in Table 2 [20].
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Table 2

Parameter values of DPOC system
PARAMETERS VALUE
Trolley mass, m, 12 kg
Hook mass, m, 1.5 kg
Payload mass, m,, 1 kg
Trolley-hook cable, I, 1.2m
Hook-payload cable, 1, 0.5m
Static friction-related coefficient 1, £, 8
Static friction-related coefficient 2, ¢ 0.01
Viscous friction-related coefficient, k.. -1.2

Figure 4 presents the trolley position controlled by PID and LQR approaches. Both controllers
can move the trolley to the desired position successfully according to the control criteria. However, there
is a significant difference between the performance of LQR and PID controllers in terms of the transient
response characteristics, especially settling time. As shown in Figure 4, the trolley reaches the desired
position in a smaller settling time by means of LQR controller than PID controller. In addition, both
controllers provide a steady state error within acceptable range. Figure 5 and Figure 6 show the swing
angles of the hook and payload. Both payload angle and hook angle showed less oscillation when the
LQR controller was preferred.

0.12 ‘ 0.015
0.1 D —— = < 001}
= % T g
E #
g 0.08f i 8 0.005
Z 006+ / g 0
& i 2
d /i L
=004r i g -0.005
£ ;o =}
= /i =
0.02 /'I 7 Reference | | A~ 001Ff
[/ ----LOR
7257
0L - - J -0.015
0 5 10 15 0 5 10 15
Time (s) Time (s)
Figure 4 Figure 5
Trolley position of DPOC system for PID and Payload angle of DPOC System for PID and
LQR Controllers controllers
3
g
8
q)ﬁ
p
BO
o
<
4
g
=
-0.01
0 5 10 15
Time (s)
Figure 6

Hook angle of DPOC system for PID and controllers
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CONCLUSION

This study has presented an approach for the position and antiswing control of the DPOC system.
The control task is based on moving the trolley to a desired position and minimizing the swing angles
of the hook and payload as much as possible. To achieve this control task, PID and LQR control methods
are applied to the DPOC system. The control parameters are fine-tuned by using ABC algorithm which
utilizes the linear mathematical model of the DPOC system. In the optimization process, a new objection
function is derived to minimize ITAE performance measure and improve the performance criteria in
time domain. The effectiveness of these tuned controllers is tested in simulation environment. To make
a comparative analysis, the control performance characteristics are considered. The settling time and
rise time for the position of the trolley are 5.26 s and 8.88 s, respectively for PID controller. On the other
hand, the settling time and rise time for the position of the trolley are 2.98 s and 6.11 s, respectively for
LQR controller. The simulation results show that LQR based control approach provides better results
than PID based control approach in terms of settling time and rise time. Both control methods do not
produce any overshoot.
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