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ABSTRACT

The paper presents a PID — Fuzzy Sliding Mode obr(fPID-FSMC) algorithm for
overhead crane system to guarantee anti-sway twajetracking of the nominal plant. The
proposed PID-FSMC law guarantees the closed-lopmptotical stability as well as improve S
the transient response of the load sway dynamianwhe trolley is moving. The simulation
results confirm the propriety of the proposed cdigr and show great promise of the controller
application in practice. Besides, to confirm thatcoller’s application ability, we installed some
propositional algorithms into a real system in iabory.

Keywords anti-sway tracking, PID control, sliding mode troh overhead crane.

1. PROBLEM STATEMENT

The problem of anti-sway tracking control for ovesld crane system is a common and
quite sophisticated one. Therefore, it always eti$rahe interest of researcher community. In
fact, the overhead crane is an underactuated systemthe system has a lower number of
actuators than degrees of freedom. This underamtuptoperty leads to the swing of the load
and the movement of the trolley. On the other h#imelJoad dynamics that is out of control may
cause insecurity problems in system operation. @reblem of anti-sway tracking control for
overhead crane systems which have hard nonlinessdnd underactuation becomes an urgent
need to be continued studying and overcome by mefses. Currently, there are some
contributions such as: anti-sway tracking contal dverhead crane system in [1]; anti-sway
improvement in [2], a nhonlinear switching controt 2-D overhead crane system was proposed
that uses feedback linearization and Lyapunov lgtattheory. However, a drawback of the
above contributions is that the robustness of flstesn to changing parameters has not been
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mentioned. Xiao-Jing Wang [3] proposed a robust-degree of freedom controller which can
suppresses the chattering and improve reachingispieeChen [4] also offered a novel braking
control method in ensuring trolley braking as lagypayload swing suppression, but they are
not experimented in a real model. Biao Lu presemtatbvel nonlinear controller [5] which
creates a satisfied quasi exponential convergehdbheoequilibrium; nonetheless, with many
approximations, the theoretical restrictions initiigal conditions are quite strict, the settlerhen
can be improved in the future. Unlike those aboethwds, with a real model of overhead crane
system, Michele Ermidoro [6] introduced a gain stited control method to minimize the
integral error as long with to constrain the robass margins, yet the minimization of the
settling time is also considered. An adaptive fugliging—mode control [7] gives a robustness
anti-sway trajectory tracking of 2D overhead cramlich is also applied in this paper, but they
did not mention to different payloads. Therefotds tpaper has proposed the most adequate
abilities of the real overhead crane system thralgfiming this one by practically experimental
recognitions.

This paper proposes a control law that combinesdpiiDsliding mode strategy to track the
reference and reduce the swing of the 2-D overtwwade system. The effectiveness of the
proposed PID-FSMC is to track the desired trajgctor the trolley, to resist the load sway
when the trolley is moving and the robustness agalisturbances and plant-model mismatch.
The research results are verified through simutatio Matlab-Simulink and experiments at the
laboratory. The paper has 4 parts: Problem StatenfeiD-FSMC Synthesis, Numerical
Simulations and Experiments, Conclusions.

2. PID - FSMC
2.1. Mathematical Model

The 2-D overhead crane moves on a track, whened(t),u(t) are the trolley position, sway
angle of the load and trolley force, respectivelym, gare the trolley mass, load mass and

gravity acceleration, respectively, here we omi table hardness, the trolley friction, air
resistance, outside noise as wind, plastic defoomaetc. as well as mass and the load are
considered as a point, the braided cable is uspthittice. The system is depicted as in Figure 1.

-

!
x(t)

-

Figure 1 2-D overhead crane system.

The movement equations of the 2-D overhead crastersyare expressed [8] as follows:

y%+ B cosbd - 3 sindd* = u 1
af+ [fcosfx—n sild= 0
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where:y =M +m; 8= mta = mP;n = - mgl are model parameters.

2.2. Controller design

The anti-sway and tracking PID — FSMC is showniguFe 2 with two control loops: the
inner loop to stabilize the velocity of the trolldy the PI controller and the outer loop is
controlled by the PID-FSM controller.

The control system design is divided into 2 steps:

Step 1: Design the tracking PID controller for theer loop and the PI controller for the
inner loop (PID-PI).

Step 2: Design the FSMC for the outer loop (Fig2)re
2.2.1 The tracking controller

First of all, the tracking control law for the owerad crane system based on the PID law is
depicted as in Figure 3. The outer-loop PID cofdrothen drives the trolley to track the
reference while the PI controller has the tasktadibize the velocity and reduce the force that
causes the load swinging. The inner-loop Pl anterdoop PID controller designs are
performed by PID TOOL in Matlab - Simulink. The aage of the tool is to allow the design
of traditional (PI, PID) controllers to guarantd® tdesried performance even when the plant
model is nonlinear.

r(t) ]
PID - FSMC Pl — oOcC

) mo H

Figure 2 PID — PI Controller. Figure 3 PID — FSMC Controller.

2.2.1. Sliding Mode Control (SMC)

Sliding Mode Control is one of the method commoapplied to many controller designs for
nonlinear systems, for instance in [9] and [10]otder to illustrate the method, we consider the
following example:

Given a second-order nonlinear system:

19 @

where x =[x xz]T OR? is the state vectoryOR is the control signal and :R? - R is a
nonlinear function. Assume the control objectivadsobtain, (t) - x,(t), let x=x - x,, we
get the sliding surfacs(t) as follows:

s(x t) = X+ AX (3)

where A is a positive constant. Differentiate (3) and coralwith (2) we get:
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S=TXHAX= K- % + A% w - +AD 4)

2
ChooseV = % >0,0s, we have:

V=ss=o ur - +4%) (5)
The control signal is chosen to be:

u=-—f+%, —A%nsgn(s) (6)
Substitute (6) into (5) we obtain:

V =s5=-9 sgn(s)= 7| (7)

Forn>0 we willgets - 0.

The stability of sliding mode control has the draak which is known as the chattering
phenomenon: when the state trajectory slides oslitlieg surface toward the origin, in order to
keep it on the sliding surface, i.e., to hagét)=0, the relay égn(s)function has to

continuously switch between -1 to 1 and vice vargh high frequency. The state trajectory
then cannot be on the sliding surface but zick-zakund it to make a non-smooth path. In
order to reduce this phenomenon, one often usesathieation to replace the relay:

V:{—sgn(s) 4z p
E A
where p is an appropriately chosen range.

(8)

The sliding mode controller design can be explainethpletely from Lyapunov theory to
choose the proper functicm:%s2 >0, then determine the controller so thatV is negative

definite.
Apply the sliding mode control law to the overheaane system in (1) we get:

X:u+/35in692—ﬁcos96?:71u+/3 Sig% - g cobd 9)
y y y
ChooseV(s)=%§>O, s=letee x- : (10)

Differentiate (10) we geW =s5s
Let: $=-ksgn(s) then ye+e=-ksgn = ye&+ %, — X=-Kksgn ¢
= pe+% —( oY ur f( )=~ ksgn ¢
u:/1é+'>'§j - f(X+ ksgn s
9(X)
where:u is the sliding control signal. Sinais very small then we hav@néd =6 andcosé = 1

= u=Aye+ %y+yksgns-f sirde? + 5 codd (11)

The reference trajectory in [11] is used with tledoeity profiles having both acceleration and
deceleration zones as follows:

% (1) = "mTa{l— co{t]—:tDD , Ostst,
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a

%, (1 ="mTaX[1—co{t’—TtDD L+t St<tg;a=10k=1

In order to improve the performance of the overhemshe control system, i.e., to reduce the
payload swing while tracking the reference, we pegpto employ the combination of PID-
FSMC

2.2.3. Fuzzy Sliding Mode Control

First of all, we introduce two fuzzy sets of theidslg surface yx,, which are
X 2{x OR KDy < and x$°2{x, ORK.|xs|>¢ . Here, the positive constanp
depicts the boundary layehe time functionk(t) is the scale of the time-varying cancellation of

the boundary layer, IB and OB stand for the boundiyer and outer boundary. The family of
fuzzy set function is selected from [7] and showifrigure 4:

;
L g L
/ Ha s
!
\/

Ho

(a) (b)

Figure 4 Family of fuzzy set functions in FSMC.

The functions in the above two fuzzy sets are datexd as follows:
[ k(t).)(H]z
e

Hxoo(x8) £ 1- iy (X6)
where: the positive constahtis small enough to make the value gf (y6) approximately
equal to zero form the boundary of the $g|= ¢). Moreover, the control law is given by:

1>

Uy (X6)
(12)

11>

o —
m m 13
vsB =X, .sgn(xe) +vi (13)

where: vg £ k,,0+(k,~1)gsir0 andk, >1 is constant. Assume the basic of the fuzzy control
law is:

Law 1: If % is X¢ , then o3¢ is u®

Law 2: If x% is X$®, thenu **¢is v2®
where: onlyu® and v2® are numbers shown in Figureid, u, =1if oFMe =y and #, =0in

contrast with = IB andOB. Then, a fuzzy inference system, a fuzzy contralied a FSMC law
which serves as the fuzzy system output using défez a minimum inference engine and
singleton fuzzifier [12] is rewritten as follows:
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o L BN F IV a4)
" ﬂxSB(Xe)+ﬂx;B()(e)

Substitute (8) by (9), it can be expressed as:

FSMC

op =[x |- sgmx ) () + 0 (15)

Equation (15) shows thafs° consists of a new resistance compongnand a fuzzy switching
component\xf,\.sgn(xg).uw(xﬁ) . The operation of the fuzzy switching is to make control

process easier. Moreover, the new resistance campojﬁ improves the load anti-sway action.

Therefore, the combination of PID and FSMC will foran anti-sway trajectory tracking
controller for the 2-D overhead crane system irufgé2. Thus the parameters to be determined

for this combination are the PID parameters gfitf.

3. NUMERICAL SIMULATIONS AND EXPERIMENTS AT THE LAB ORATORY
Given the system parameters

M =1.0731kg );m= 0.23kg )= 0.64f )= 9.8t /5

3.1. PI-PID control

The overhead crane is a nonlinear system with taiogy. We therefore employ the
experimental method to determine the traditional D Pl parameters  with:
K =1,Ki = 0.1,Kd = 3PI :Kp= 5Ki = 0.0

p
The simulation results of the trolley and sway angding PI-PID:
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Figure 5 Trolley trajectory as a function of time. Figure 6 Load sway angle as a function of time.

Figure 5 and 6 show the position of trolley anddhgle of load. The simulation results are
implimented on computer by Matlab/Simulink softwariéh PID controller

The simulation results of the trolley and sway angding SMC:
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Figure 7. Trolley trajectory as a function of time
(SMC).
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Figure 8.Load sway angle as a function of time
(SMC).

Figure 7 and 8 show the position of trolley andadhgle of load. The simulation results are
implimented on computer by Matlab/Simulink softwaréh SMC controller

The simulation results of the trolley and sway angling PID-FSMC:
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Figure 9 Trolley trajectory as a function of tim&igure 1Q Load sway angle as a function of time.
Figure 9 and 10 show the position of trolley ane dmgle of load. The simulation results
are implimented on computer by Matlab/Simulink s@ite with PID-FSMC controller
3.2 Compare the results

The quality of position control of three proposedntollers is shown in the same
coordinate system using Matlab/Simulink as in Féglit and Figure 12:

07,

—— Setpint Xd ]
e Response of SMC+Pl contoler ]
4P

I L L I L I I L L I L L I
5 10 12 1 16 18 2 4 B 8 10 12 B 1 1
Time [5] Tine 5]

Figure 11 Trolley trajectories with 3 controllers.  Figure 12 Comparisons betweex, va x with 3

controllers.

The quality of angle control of three proposed odtErs is shown in the same coordinate
system using Matlab/Simulink as in Figure 13
In order to prove the ability of proposed PID-FSM@thod, the simulation with the changing of
load is used for simulation and the results arevshas.
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seens Angle tata of PID+Pl controller [rad]
= = = Angle teta of SMC+P1
= Angle teta of FSMC+P|

Teta [rad]

10
Time [s]

Figure 13 Load sway angle with 3 controllers.

3.2. Controller simulation results

Figure 14 and 15 show the position of trolley ane &ngle of load mass m = 0.3 kg, the

simulation results are implimented on computer batllb/Simulink software with PID-FSMC
controller.

—— Setpoint x ]

=== Response x|

WA

Figure 14 Trolley position with load mass
m=0.3(kg) using PID-FSMC.

Figure 15 Load sway angle with load mass
m = 0.3 (kg) using PIFSMC.

Figure 16 and 17 show the position of trolley ane &ngle of load mass m = 0.4 kg, the

simulation results are implimented on computer katlbb/Simulink software with PID-FSMC
controller.

—— Setpint x [m]

T
—— Teta ]

== Resgonse xdfn]
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Figure 16 Trolley position with load mass
m = 0.4 (kg) using PID-FSMC

Figure 17 Load sway angle with load mass
m = 0.4 (kg) usirtb-FSMC
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From the experiment results, we conclude that tmeroller still works well in some range
of load mass. For other load mass and strategyilveimulate in other paper.

The simulation results show that the errors tengeto after 20 seconds, the trolley tracks
the trajectory during the simulation time, the ewstperformance with PID-SFMC is much
better than that with PID control, Sliding mode tohwith the reduction of load sway angle.
On the other hand, the performance of the conystiesn is still excellent with the variations of
load mass, the trolley position follows the tragegtwithin the simulation time and the sway
angle is very small.

3.3. Controller experiment results

3.3.1. The 3D overhead crane in laboratory

The 3D overhead crane in laboratory as a fllowiragleh (Figure 18) in [13]:

e |
,a‘. Axalls!
._'\'-. - ('\-'1

Figure 18 The 3D overhead crane in laboratory.

The controller is developed on the microcontroRdIMEGA32 with the sampling time of
25 (ms) The program is written in C and implemented iti® microcontroller utilizing the ISP
89S/AVR via USB.

Human Machine Interface (HMI) is designed with thkowing functions:

- Provide set-point for the position of the trolley

- Display the position and speed of the trolley, Hwing angle of payload and its
derivative.

- Itis written in C# programming, the HMI screersisoown inFigure 19:

Figure 19 Human Machine Interface.
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The HMI consists of three major parts:
Part 1: Enter the position of the trolley, selggtet of controllers and controller parameters

Part 2: Display the real position of the trollegntrol signal and swing angle of the payload
in number.

Part 3: Plots for position set-point, real posisi¢x axis is time in second, y axis is position
in cm)

3.3.2. Experimental parameters

Mass of trolley (6 kg), mass of payload (5 kg) gémof rod (0.7 m). Experimental results
with the proposed method as follows and its imadatmratory is shown in Figure 20:

Control position and Real position Control signal
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Figure 2Q Real position, control signal and swing anglenvegiet position (1 m).

From the experimental results, it can be seen that:
- The settling time is about.
- Control signal without disturbance.
- Existence of small overshoot.
- Capacity of tracking the sliding surface.
- Swing angle is from -0.04 to 0.@@greeand it tends to zero.

Through experimental results with real systemait be concluded that the sliding fuzzy
PID guarantees trajectory tracking of the trollend ability to anti-swing well and prove the
application of the proposed method in industry.
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4. CONCLUSIONS

This paper presented a trajectory tracking comrdtir 2-D overhead crane system using
PID-FSMC. The simulation results show that the exyssatisfies the required performances
such as trolley trajectory tracking, reasonabldisgttime and load anti-sway. However, these
results are obtained from the approximated modem(th small sway angle. Experimental
results proved that the application of the congrals possibly well applied in industry.
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Bai bao trinh bay & mot thuit toandiéu khién PID - tirot md (PID-FSMC) cho én ciu
treo nim dam bao cho véc bam qitdao chdng lic aia ddi tuong. Luat didu khién duoc dé xuat
nay la s két gitradiéu khién PID va FSMGIam bao k¢ kin 6n dinh tiém can, bam qg dao dong
thoi giam rung bic aia @i khi xe chuyn dong. Cac Kt qua mé pheng va caidit thuc nghiém
khing dinh tinhding dan cia b diéu khién duoc @& xuat va md ra kha nang ung duing aia b
diéu khién trong thrc t.

Tir khéa bam q§ dao chbng rung fic, diéu khién PID,diéu khién truot mod, cin ciu treo.
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