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Abstract: Problem statement: Most of the common gantry crane results in a swayion when
transporting the load as fast as possible. In axhdiprecise cart position control of gantry cranest
required a zero or near zero residual swgyproach: In this study, the development of hybrid control
schemes for input tracking and anti-sway controh @fantry crane system was investigated. To study
the effectiveness of the controllers, a Proporfi@erivative (PD)-type fuzzy logic control was
developed for cart position control of a gantryneralt was then extended to incorporate input shape
control schemes for anti-sway control of the systdine positive and new modified Specified
Negative Amplitude (SNA) input shapers were desighased on the properties of the system for
control of system sway. The new SNA was proposedmprove the robustness capability while
increasing the speed of the system respdReaults: Simulation results of the response of the gantry
crane with the controllers were presented in timeé fiequency domains. The performances of the of
the hybrid control schemes were examined in terfsnput tracking capability, level of sway
reduction and robustness to parameters uncert&otyclusion: A significant reduction in the system
sways had been achieved with the hybrid controtiegsrdless of the polarities of the shapers.
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INTRODUCTION for sway suppression involve developing the control
input through consideration of the physical andysng
The main purpose of controlling a gantry crane isproperties of the system, so that system sways at
transporting the load as fast as possible withausing dominant response modes are reduced. This method
any excessive sway at the final position. Hower®rst  does not require additional sensors or actuatods an
of the common gantry crane results in a sway motiomdoes not account for changes in the system once the
when payload is suddenly stopped after a fast motio input is developed. On the other hand, feedbackrabn
The sway motion can be reduced but will be timetechniques use measurement and estimations of the
consuming. Moreover, the gantry crane needs auskilf system states to reduce sways. Feedback controdiers
operator to control manually based on his or heibe designed to be robust to parameter uncertdaty.
experiences to stop the sway immediately at thetrig gantry crane, feed-forward and feedback control
position. The failure of controlling crane also Imig techniques are used for sway suppression and cart
cause accident and may harm people and thposition control respectively. An acceptable system
surrounding. performance without sway that accounts for system
The requirement of precise cart position contfol o changes can be achieved by developing a hybrid
gantry crane implies that residual sway of the eayst controller consisting of both control technique$us,
should be zero or near zero. Over the yearswith a properly designed feed-forward controlldre t
investigations have been carried out to deviseiefit ~ complexity of the required feedback controller ¢an
approaches to reduce the sway of gantry crane. Theduced.
considered sway control schemes can be divided into Various attempts in controlling gantry cranes
two main categories: Feed-forward control andsystem based on feed-forward control schemes were
feedback control techniques. Feed-forward techmiqueproposed. For example, open loop time optimal
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strategies were applied to the crane by manyA nonlinear overhead gantry crane system is consitle
researchers such as discusséd. ifihey came out with and the dynamic model of the system is derivedgusin
poor results because feed-forward strategy is emsi the Euler-Lagrange formulation. Hybrid control
to the system parameters (e.g., rope length) anttico schemes based on feed-forward with collocated
not compensate for wind disturbances. Another feedfeedback controllers are investigated. In this wtud
forward control strategy is input shapfi8. Input feed-forward control based on input shaping with
shaping is implemented in real time by convolvihg t positive Zero-Sway-Derivative-Derivative (ZSDD) inp
command signal with an impulse sequence. The psoceshapers and new modified SNA Zero-Sway-Derivative-
has the effect of placing zeros at the locationshef Derivative (ZSDD) input shapers are considered.eivn
flexible poles of the original system. An IIR fitteg  modified shaper from the previous SNA input shdpérs
technique related to input shaping has been praposés proposed where more negative impulses are aded
for controlling suspended paylo&sinput shaping has improve the robustness of the controller while éasing
been shown to be effective for controlling oscilatof  the speed of the system response. To demonstmte th
gantry cranes when the load does not undergeffectiveness of the proposed control schemes,-typ®
hoistind®”. Experimental results also indicate thatFuzzy Logic controller is developed for control axrt
shaped commands can be of benefit when the load motion of the gantry crane. This is then extended t
hoisted during the moti¢h incorporate the proposed input shapers for cordfol
Investigations have shown that with the inputsway of hoisting rope. Simulation exercises are
shaping technique, a system response with delay iserformed within the gantry crane simulation
obtained. To reduce the delay and thus increase thenvironment. Performances of the developed coatsoll
speed of the response, negative amplitude inpytesia are examined in terms of input tracking capabiliyel
have been introduced and investigated in vibratiorof sway reduction and robustness to errors in sway
control. By allowing the shaper to contain negativefrequency. In this case, the robustness of the idhybr
impulses, the shaper duration can be shortenede whicontrol schemes is assessed with up to 30% error
satisfying the same robustness constraint. A segmif  tolerance in sway frequencies. Simulation resultsme
number of negative shapers for vibration controleha and frequency domains of the response of the gantry
also been proposed. These include negative Unitycrane to the unshaped input and shaped inputs with
Magnitude (UM) shaper, Specified-Negative-Amplitude positive and modified SNA input shapers are present
(SNA) shaper, negative Zero-Vibration (ZV) shaper,Mmoreover, a comparative assessment of the effetase
negative Zero-Vibration-Derivative (ZVD) shaper and of the hybrid controllers with positive and negatimput
negative Zero-Vibration-Derivative-Derivative (ZVDD shapers in suppressing sway and maintaining thet inp

shapef**. Comparisons of positive and negative inputyacking capability of the gantry crane is discasse
shapers for vibration control of a single-link fiebe

manipulator have also been repotted

On the other hand, feedback control which is well
known to be less sensitive to disturbances anti
parameter variatioH8' is also adopted for controlling

the gantry crane system. Recent research on gantr )
crane control system was presentedbyThe author of the rope, M and m is the mass of the cart amibpd

had proposed proportional-derivative PD controlfers respecti\_/ely. In this s_imulation, the cart and pagl can
both position and anti-sway controls. Furthermae, P€ considered as point masses and are assumed/éo mo
fuzzy-based intelligent gantry crane system hasibeeln two-dimensional, x-y plane. The tension forcatth
proposel®. The proposed fuzzy logic controllers May cause the hoisting rope elongate is also igndre
consist of position as well as anti-sway contraller this study the length of the cart, I = 1.00 m, \2.49 kg,
However, most of the feedback control systemm =1.00 kg and g = 9.81 ritss considered.
proposed needs sensors for measuring the cartguosit
as well as the load sway angle. In addition, désign Modeling of the gantry crane: In this research, the
the sway angle measurement of the real gantry cran®athematical modeling of the gantry crane system is
system, in particular, is not an easy task sineeetis a considered as a basis of a simulation environment f
hoisting mechanism. development and assessment of the input shaping
This study presents investigations into thecontrol techniques. The Euler-Lagrange formulati®n
development of hybrid control schemes for inputconsidered in characterizing the dynamic behavior o
tracking and anti-sway control of a gantry crangtey.  the crane system incorporating payload.
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rane system with its payload considered in thidysts
hown in Fig. 1, where x is the horizontal positimin
the cart, | is the length of the ropgkjs the sway angle
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Tran In order to eliminate the nonlinearity equation in
the system, a linear model of gantry crane system i
obtained. The linear model of the uncontrolled eyst
can be represented in a state-space form as shown i
Eq. 6 by assuming the change of rope and sway angle
are very small:

Cart

X-axis

X =Ax +Bu

y =Cx ()

with the vectorx =[x 0 x G]T and the matrices A and

x 'parlonér\ Catibes poiiit, G B are given by:

mg [0 0 10 0
. L 0 0 01 0
Fig. 1: Description of the gantry crane system.
A=l0 mg 0o o, B= 1 , 7
Considering the motion of the gantry crane system M M (7)
on a two-dimensional plane, the kinetic energy e t 0 _(M+m)g 00 _ 1
system can thus be formulated as: L MI ] L Ml
c=[1 004, D=[ 9
T:EMx2+}m(X2+i2+I292+
2 2 (1) MATERIALSAND METHODS

2xIsin6+ 2xB coP )

_ PD-type fuzzy logic control scheme: Fuzzy control
The potential energy of the beam can becan be viewed as a way of converting expert knogeed

formulated as: into an automatic control strategy without a detil
knowledge of the plant. The input is first fuzzdfiand
U = -mglcos (2)  then processed by the fuzzy inference engine using

heuristic decision rules. FLC uses rules in thenfaf
To obtain a closed-form dynamic model of the“IF [condition] THEN [action]” to linguistically

gantry crane, the energy expressions in (1) andi@) describe the input/output relationship. The menttprs
used to formulate the LagrangierT-uU . Let the functions convert linguistic terms into precise rauim
generalized forces corresponding to the generalizedalues. The output of the fuzzy controller is obéal by
displacements q={x,68 be F={F,,0}. Using a defuzzification process that converts the fuzzy
Lagrangian’s equation: guantities representing the control signal intoigna

that can be used as the control input to the plant.
afoL) oL A PD-type fuzzy logic controller utilizing hub
[] -—=F i=12 (3) angle and hub velocity feedback is developed tdrobn
di{ 99, ) 0dq the rigid body motion of the systéfh The hybrid

fuzzy control system proposed in this study is shaw

the equation of motion is obtained as: Fig. 2, where Ris the reference horizontal position, x

and x represent horizontal position and velocity of the

F, = (M+m)x+ml@BcosB -6 sird | cart, respectivelyp and ¢ represent swing angle and
2miBcoB+ misird ) swing velocity, respectively, whereag k, and k are

scaling factors for two inputs and one output of th

. . I y fuzzy logic controller used with the normalized

Fe=(M+m)X+ml©cos 6" sirb - 2 coB (5) universe of discourse for the fuzzy membership
+misin@ 6+ 216+ xcoB+ gsi®= 0 functions.
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x(1) Table 1: Linguistic rules of Fuzzy Logic Controller
X (1) No. Rules

e —-@-»Gagi}g[';jﬂe o) If (e is NM) ande is ZE) then (u is PM)
ks (1) If (e is NS) and(é is ZE) then (u is PS)
If (e is NS) andé is PS) then (u is ZE)
If (eis ZE) and(é is NM) then (u is PM)
If (eis ZE) and(é is NS) then (u is PS)
If (e is ZE) and(é is ZE) then (u is ZE)
If (eis ZE) and(é is PS) then (u is NS)
If (eis ZE) and(é is PM) then (u is NM)

=

Fig. 2: PD-type Fuzzy Logic control structure

© XN GOAD

In this study, the triangular membership functions _ o ,
are chosen for inputs and output. Normalized usia®r If (eis PS) and(é is NS) then (u'is ZE)
of discourse are used for both hub angle and wgloci 1% If (eis PS) and(é is ZE) then (uis NS)
and output torque. Scaling factorsdnd k are chosen 11 If (eis PM) and(& is ZE) then (u is NM)
in such a way as to convert the two inputs withia t
universe of discourse and activate the rule base A
effectively, whereak; is selected such that it activates o I:> 2

-

tude

the system to generate the desired output. Initiall
these scaling factors are chosen based on tria¢and i Time Time
To construct a rule base, the cart position ercarf Unshaped input  Tnput shaper Shaped input
position error derivative and force input are pismtied

into five primary fuzzy sets &8: Fig. 3: lllustration of input shaping technique

Cart position error E = {NM NS ZE PS PM}

Amplitude

The shaped command that results from the convalutio
Cart position error derivative V = {NM NS ZE PS PM} is then us_ed to drive th_e system. Design opjeclz'ares

to determine the amplitude and time locations & th
Force U = {NM NS ZE PS PM} impulses, so that the shaped command reduces the

detrimental effects of system flexibility. These
where E, V and U are the universes of discourse caparameters are obtained from the natural frequencie
position, cart velocity and force input, respediivdhe  and damping ratios of the system. Thus, sway réatuct
nth rule of the rule base for the FLC, with carsiion  of a gantry crane system can be achieved withriheti
error and derivative of cart position error as ispis  shaping technique. Figure 3 shows the input shaping

given by: process. Several techniques have been investigated
. o ) obtain an efficient input shaper for a particulgstem.
Ry IF(e is ) AND (& is V;) THEN (uis U) A brief description and derivation of the control

technique is presented in this study.

Generally, a vibratory system of any order can be
modeled as a superposition of second order systems
each with a transfer function:

where, R, n = 1, 2,...Nuxis the nth fuzzy rule, EV;
and U, fori, j, k=1,2,...,5 are the primary fuzzy sets.
A PD-type fuzzy logic controller was designed
with 11 rules as a closed loop component of therobn
strategy for maintaining the cart position of gsntr o
crane system while suppressing the swaying effew.  G(s)=
rule base was extracted based on underdamped system
response and is shown in Table 1. The three Sca"n\%/here'
factors, k, k, and k were chosen heuristically to :
achieve a satisfactory set of time domain pararseter
These values were recorded as,=k0.05, k = 0.001

(8)

s+ Aws+ W’

® = The natural frequency of the vibratory system
{ = The damping ratio of the system

and k = -350. Thus, the response of the system in time domain

INPUT shaping control schemes: Input shaping can be obtained as:

technique is a feed-forward control technique that

involves convolving a desired command with a y(t) -_A® exp “Xtto) sir(u)\/ 0 ( ) 9)
. . 2
sequence of impulses known as inghaper. Vv1-¢
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where, A and¢are the amplitude and the time location be increased by taking the derivatives qfand \s to

of the impulse respectively. The response to aesgzpl zero. Setting the derivatives to zero is equivalent
of impulses can be obtained by superposition of the@roducing small changes in sway corresponding ¢o th
impulse responses. Thus, for N impulses, withfrequency changes. The level of robustness cahefurt

0 =w( /—1_12) the impulse response can be expresseBe increased by increasing the order of derivativies
¢ ' V, and b and set them to zero. Thus, the robustness

as: constraints can be obtained as:
y(t) =Msin(w;t+B) 10 dv,_, dv,_, (13)
dw! ' dw,
Where:
A Zord Y Both the positive and modified SNA input shapers
M= \/(;B‘ COS‘RJ J{Z: & 5'””} are designed by considering the constraints Eche. T

design of the positive and modified SNA input shape

B = Aw ~Za(tto)

BN is further discussed in this investigation.
@ =t . . . Positive input shaper: The positive input shapers have
Aiandt = The amplitudes and time locations of thepeen used in most input shaping schemes. The

impulses requirement of positive amplitude for the impul&eo
avoid the problem of large amplitude impulses.His t
The residual single mode sway amplitude of thecase, each individual impulse must be less thantene
impulse response is obtained at the time of the lasatisfy the unity magnitude constraint. In order to

impulse, {, as: increase the robustness of the input shaper toseimo
natural frequencies, the positive ZSDD input shaper
V=JV2+V?2 (11)  designed by setting the second derivatives paid \o
in Eg. 11 to zero. Simplifying®V, /dw? yields:
Where:
N Aw, _ _ d2V1 _ & 2420 (ty 1) o .
V, =Y e exp W cos, 1) ;=2 Atle Usin, 1);
EN Y 3(;)\; ';1 (24)
N - G0, (ty
v,=) ’i“‘g exp 0 singa, 1) d, AN s )
i=1 -

To achieve zero sway after the last impulse, it is The positive ZSDD input shaper, i.e., four-impulse
required that both ¥ and \, in Egq. 11 are Sequenceis ol_:)talned by setting Eq.. 11 and 14 o ze
independently zero. This is known as the zero esid and Solving with the other constraint Eq.s. Herme,
sway constraints. In order to ensure that the shapdOUr-impulse sequence can be obtained with the
command input produces the same rigid body motion aParameters as:
the unshaped reference command, it is requirecthieat
sum of amplitudes of the impulses is unity. Thislgs ¢ =0, ¢, = { =27 ; =31

_7’t4:7

the unity amplitude summation constraint as: oy Wy @y
N A= : Al X FIVE (15)
_ 1+ 3K+ 3K+ K 1+ 3K+ 3K“+ K
DA =1 (12)
= A 3K? K?

P 143K+3KZ+KYT T 143K+ 3K+ K3
In order to avoid response delay, time optimality
constraint is utilized. The first impulse is settat  Where:
time § = 0 and the last impulse must be at the 28_7/1_7
minimum, i.e., min ). The robustness of the input
shaper to errors in natural frequencies of theesystan =~ @3 = W, 1-2°
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w, andl representing the natural frequency and damping’he modified SNA-ZSDD shaper is proposed and
ratio respectively. For the impulsesand A are the time  applied in this study to enhance the robustness
location and amplitude of impulse j respectively. capability of the controller while increasing thegesd

o . ] of the system response. By considering the form of
Modified SNA input shapers: Input shaping modified SNA-ZSDD shaper shown in Fig. 4, the

techniques based on positive input shaper have begfnplitude summation constraints Eq. can be obtaised
proved to be able to reduce sway of a system. dieror

to achieve higher robustness, the duration of tfa@er 25 +2c—-2p—-2d=1 (17)
is increased and thus, increases the delay inystera
response. By allowing the shaper to contain negativ  The values of a, b, ¢ and d can be set to anyevalu
impulses, the shaper duration can be shortenede whithat satisfy the constraint in (17). However, the
satisfying the same robustness constraint. _ suggested values of a, b, ¢ and d are less thao [1]

To include negative impulses in a shaper requiregyoid the increase of the actuator effort.
the impulse amplitudes to switch between 1 ancs:1 a

_ RESULTS
A =(-D)*";i=1,..,n (16)
In this study, the proposed control schemes are

The constraint in Eq. 16 yields useful shapers agmplemented and tested within the simulation
they can be used with a wide variety of inputs. Bor environment of the gantry crane and the correspondi
UM negative ZS shaper, i.e. the magnitude of eachiesults are presented. In this study, positive ZSiD
impulse is |1], the shaper duration is one-thirdhef modified SNA-ZSDD are investigated as the input
vibration period of an undamped system, while theshaping control schemes. The cart position of Hrery
shaper duration for the positive shaper is halfttef  crane is required to follow a trajectory within trenge
vibration period. However, the increase in the dpae  of +4 m as shown in Fig. 5. System responses namely
system response achieved using the SNA input sbapethe cart position, cart velocity and sway angleth
is at the expense of some tradeoffs and penalfies. hoisting rope are observed. To investigate the swfay
shapers containing negative impulses have tendency the system in the frequency domain, Power Spectral
excite unmodeled high modes and they are sligeig | Density (PSD) of the response at the sway angle is
robust as compared to the positive shapers. Besidegbtained. The performances of the hybrid contrsller
negative input shapers require more actuator effian ~ are assessed in terms of input tracking and sway
the positive shapers due to high changes in thpaiat ~ suppression in comparison to the PD-type Fuzzyclogi
command at each new impulse time location. control. Moreover, robustness of the controllers to

To overcome the disadvantages, a modified SNAvariations in sway frequencies is also investigated
input shaper is introduced, whose negative ampitud this case, 30% error tolerance in sway frequenisies
can be set to any value at the centre between eaclonsidered.
normal impulse sequences. In this study, the ptsvio

SNA input shapét’ is modified by locating the 5
negative amplitudes at the centre between eachiiosi 4
impulse sequences with even number of total imgulse 3
This will result the shaper duration as one-fourthhe T
sway period of an undamped system as shown inFig. g :
c ( E o
a é -1
T 05 | 1.5t | 2.5t T 3.5b 3
0 b l 3 r ]
-b -b y
-d -d 2 5 10 Tm}lg - 20 25 30
Fig. 4: Modified SNA-ZSDD shaper Fig. 5: The trajectory reference input
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Fig. 6: Response of the gantry crane with PD-typezl Logic controller. (a) : Cart position; (b) a€ velocity;
(c): Sway angle and (d): PSD of sway angle

PD-type Fuzzy Logic control: In this investigation, the and 1.962 Hz with magnitude of 27.27, -10and
responses of the gantry crane system to the undhape29.55 dB respectively. The closed loop parameters
trajectory reference input were analyzed in timesdin  with the PD-type Fuzzy Logic control will subseqtign
and frequency domain (spectral density) as shown ibe used to design and evaluate the performance of
Fig. 6. These results were considered as the systehybrid controllers with positive ZSDD and SNA-ZSDD
response to the wunshaped input under trackinghapers.
capability and will be used to evaluate the perfamoe
of the input shaping techniques. The steady-state ¢ Hybrid control: Figure 7 shows a block diagram of
position trajectory of +4 m for the gantry craneswa the proposed hybrid control scheme where the PD-
achieved within the rise and settling times andtype FLC is combined with the input shaping control
overshoot of 1.169 s, 2.506 s and 12.4 % respégtive schemes. The positive ZSDD and modified SNA-
It is noted that the cart reaches the requiredtiposi ZSDD shapers were designed based on the dynamic
from +4 m to -4 m within 2 s, with high overshoot. behavior of the closed-loop system obtained using
However, a noticeable amount of swing angleonly the PD-type FLC. As demonstrated in PSD
occurs during movement of the cart. It is notedrfithe  result, the natural frequencies of the sway angieew
swing angle response with a maximum residual 08+1. 0.3925, 1.177 and 1.962 Hz for the first three sway
rad. Moreover, from the PSD of the swing anglemodes. With exact natural frequencies, the time
response the swaying frequencies are dominatetidoy tlocations and amplitudes of the impulses for pesiti
first three modes, which are obtained as 0.3925/71. ZSDD shaper were obtained by solving E§.
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5 : .
x(t) ) L Positive ZSDD
X 4 o e Modified SNA
X(t)

Gantry crane ?1‘. ZSDD
rrc O sitem () 3 i

k3 5(t) , ‘{\l

PD-type fuzzy logic controller

x(t)
Input

Desired iput (m)
-

Fig. 7: Block diagram of the hybrid control schemes o
configuration \
Moreover, the amplitudes of the modified SNA-ZSDD =
shaper were deduced as [0.3 -0.1 0.5 -0.2 0.50-3.2 =) - m e 20 - W
0.1] and the time locations of the impulses weresein ’ Time () - ’

at the half of the time locations of positive ZSDD ) ) .
shaper as shown in Fig. 4. For evaluation of rotesst, Fig- 8: Shaped inputs with exact natural frequesicie

input shapers with erroneous natural frequenciese we using positive ZSDD and modified SNA-ZSDD

also evaluated. With 30% error in natural frequetioy shapers

system sways were considered at 0'5103.’ ]."5301 aq%ble 2: Level of sway angle reduction of the ropad

2.551 Hz for the three modes of sway. S'm'larl)e th specifications of the cart trajectory responsetii@ hybrid

amplitudes and time locations of the input shapeétis control schemes

30% erroneous natural frequencies for both thetipesi Attenuation (dB) Specifications of cart

and modified SNA-ZSDD shapers were calculated. of sway angle of trajectory response
For digital implementation of the input shaper, Types of therope Rise  Settingover

locations of the impulses were selected at theesear shaper  Mode Mode Mode time time  shoot

sampling time. The developed input shaper was theRrequency (zZSDD) 1 2 3 (s) (s) (%)
used to pre-process the input reference showngn3=i  Exact Positive  36.16 39.20 39.10 3.071 4.866 0.63

Figure 8 shows the shaped inputs using both the “Sﬂﬁgjfied 22.99 3411 3201 3492 4.607 2.15

positive and modified SNA-ZSDD shapers with exactg,,, Posiive  19.93 26.56 24.21 2.431 3.901 3.30
natural frequencies. It is noted that the shapeulitin Modified 26.86 14.22 12.23 2.661 3.615 2.90
with the modified SNA shaper is not as smooth as SNA

compared to the positive shaper. This is due thérig

number of switching of the actuator. The corresponding rise time, settling time and

Figure 9 shows the system responses of the gantigvershoot of the cart response using PD-type FLI& wi
crane using the hybrid controllers with exact natur positive and modified SNA ZSDD shapers with exact
frequencies. Table 2 shows the levels of sway rimluc natural frequencies is shown in Table 2. The sitiara
of the system responses at the first three modes iresults show that the cart position reaches thaimed
comparison to the PD-type Fuzzy Logic control.dlt i trajectory position of +4 m within the settling &% of
noted that the proposed hybrid controllers are kgpa 4.866 s and 4.607 s with positive ZSDD and modified
of reducing the system sway while maintaining theSNA-ZSDD respectively. It is noted with the feed-
input tracking performance of the cart position.forward controller, a slower settling time as congoh
Similar cart position and cart velocity responsegev to the PD-type Fuzzy Logic controller was achieved.
observed as compared to the PD-type FLC. Moreover, To examine the robustness of the hybrid
a significant amount of sway reduction wascontrollers, the shapers with 30% error in sway
demonstrated at the sway angle of the hoisting ropfrequencies were designed and implemented to the
with both control schemes. With the positive ZSDD gantry crane system. Figure 10 shows the respoihse o
and modified SNA-ZSDD shapers, the maximumthe gantry crane with the hybrid controllers with
sway angles were obtained at +0.20 and #0.16 radrroneous natural frequencies. Table 2 shows the
respectively. These are seven-fold and eight-foldevels of sway reduction with erroneous natural
improvements as compared to PD-type FLC. This idrequencies in comparison to the PD-type FLC. The
also evidenced in the PSD of the sway angle rekidudime response specifications of the cart positidth w
that shows lower magnitudes at the resonance snodeerror in natural frequencies are also shown inl@ &b
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Fig. 9: Response of the gantry crane with hybridticdlers with exact natural frequencies. (a) :tQasition;
(b): Cart velocity; (c): Sway angle and (d): PSDsefy angle
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Fig. 10: Response of the gantry crane with hyboidtiollers with erroneous natural frequencies. Cart position;
(b): Cart velocity; (c): Sway angle and (d): PSDsofy angle
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Similar to the case with exact frequencies, theppsed Y 7@ Positive ZSDD B Modified SNA ZSDD
hybrid controllers are capable of reducing the eyst 40 B Positive ZSDD (Error) O Modified SNA ZSDD (Error
sway while maintaining the input tracking perforroan
of the cart position. Moreover, the sways of thsteym
were considerable reduced as compared to the respon
with PD-type FLC. However, the level of sway
reduction is slightly less than the case with exact |
natural frequencies.

(d3y

101

cducl

Level ol

DISCUSSION

The simulation results show that performance of
the hybrid controller with positive ZSDD control
scheme is better than SNA-ZSDD scheme in sway
suppression of the gantry crane. This is furthefig. 11: Level of sway reduction with exact and
evidenced in Fig. 11 that demonstrates the leveiafy erroneous natural frequencies with hybrid
reduction of the gantry crane with the hybrid coliérs controllers
as compareq to Fhe Pp—type F_LC. It i§_noted thaihdni CONCL USION
sway reduction is achieved with positive ZSDD a th
first, second and third resonance modes, whichtere The development of hybrid control schemes based
most dominant modes. Almost less than two-foldon PD-type Fuzzy Logic control with positive and
improvement in the sway reduction was observed apegative input shapers for input tracking and sway
compared to SNA-ZSDD. Comparisons of the cartsuppression of a gantry crane has been presenbed. T
position responses show that the hybrid contratligh proposed control schemes have been implemented and
SNA-ZSDD shaper is faster than the case using thtested within simulation environment of an overhead
positive ZSDD shaper. The result reveals that fleed ~ gantry crane derived using the Euler-Lagrange
of the system responses can be improved by usinf?rmulaﬂon. The perform'_amces of the C(_Jntrol schzer_ne
negative impulses input shaper. ave been evaluated in terms of input tracking

Comparison of the results shown in Fig. 11 reveal€2Pability, level of sway reduction and robustness.
that both hybrid controllers with the positive aBNA Acceptable performance in input tracking controll an

input shapers can successfully handle errors iarakat sway suppression has been achieved with both dontro

frequencies. Moreover. almost similar performance | strategies. Moreover, a significant reduction ire th
q : ’ P system sways has been achieved with the hybrid

sway reduction of the gantry crane was achieveti wit controllers regardless of the polarities of thepsha. A
both control schemes. As positive ZSDD performs,,mparative assessment of the hybrid control scheme
better than SNA-ZSDD with exac_t_ frequencies, th_ehas shown that the PD-type FLC with positive ZSDD
results demonstrate that, the modified SNA-ZSDD ISshaper provides higher level of sway reductionhaf t
capable of improving the robustness of the cordrdt  gantry crane as compared to the PD-type FLC with
uncertainty in sway frequencies. Comparisons of th&SNA-ZSDD shaper. By using the PD-type FLC with
cart position response with the hybrid controlleh®w  modified SNA-ZSDD, robustness of the controller can
a similar pattern as the case with exact naturabe improved as similar level of robustness as pesit
frequencies. With the new proposed SNA shapes it iZSDD is achieved. Moreover, with SNA -ZSDD, the
shown that the robustness of the controller can bspeed of the response is slightly increased at the
improved while increasing the speed of the responseexpenses of decrease in the level of sway reduction
The research thus developed and reported in thiy st
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