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Abstract: This paper develops an adaptive version of HJI sliding mode controller for the overhead cranes. It deals with
the effects of actuator saturation and the presence of disturbances based on RBF neural networks. The sufficient condition
under which the overhead crane system is robustly dissipative is proposed using Hamilton-Jacobi-Issacs inequality(HJI)
approach. The controller can simultaneously move the trolley and the bridge to their destinations, reduce cargo vibrations
during transfer and eliminate cargo swings at the trolley and bridge destinations. The simulation results indicate that the
proposed controller asymptotically stabilize all system responses.
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1 INTRODUCTION

For increasing the productivity, the overhead cranes
nowadays are usually operated at high speed and it leads to
elicited considerable attention on crane control studies.
Suspended cargos in overhead crane system are caused to
swing without good control strategies and due to the
disturbances by open conditions, which can make
inaccurate motions of crane mechanisms and the unsafe
situation in operation zones. Therefore, it is crucial for
overhead crane systems to satisfy rigorous requirements in
terms of safety and efficiency.

Up to now, the synthesis of feedback control for
overhead cranes remains a challenge since the overhead
crane system is under-actuated where the control inputs are
lower than that of the number of degrees of freedom.
Sliding mode control for a class of under-actuated systems
offers a good capability to achieve high tracking
performance and preserve strong robustness. The
methodology is to keep exactly a properly chosen dynamic
constraint in conjunction with high-frequency control
switching. Le' proposed an adaptive control law for three-
dimensional overhead cranes without priori information of
cargo mass and friction factors. Liu? developed the sliding
mode control based on linearized mathematical model by
combination of fuzzy logic. Unfortunately, high-frequency
control switching in standard sliding mode causes the
undesired chattering effect and it keeps the sliding function
equal to zero only if the relative degree of the outputs is one.
A higher-order sliding mode controller applied for overhead
cranes was designed by Raja® which can remove the relative
degree restriction and has the capability of actuator
chattering alleviation. Well, it is assumed that the second-
order derivative of the sliding function and the derivative of
control signal are bound and it is a tough work to find out
the upper limit. There also have been many domestic
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articles related to the control of overhead cranes. Wang*
discussed a fuzzy logic-based and anti-sway and positon
control for payload-cart system. Yang® recommended a
radial basis function neural network control of overhead
cranes considering the nonlinearity and uncertainty of the
model. But it takes more time to execute the duties because
of over reliance on samples. Sun® provided an adaptive
trajectory tracking controller for 3-dimensional overhead
cranes. The controller is put forward without approximately
decoupling or linearizing the complicated nonlinear model,
while the cable length of the model is constant. Zhang’
calculated a symmetric 3-humps extra insensitive input
shaper developed for the variable pendulum length case by
vector calculation and it is also shown that input shaping
has the suppression function for payload swings.

Due to the restrictions of the actuator, the control
inputs are usually bounded by a known constant, and it is
difficult to achieve large control signals. Besides, the
presences of uncertainties and disturbances may cause poor
qualities of the controller in operating environment. In case
of this, an adaptation mechanism based on RBF neural
networks is constructed to adjust the unknown factors. The
system stability is investigated using HIJI theory. The
qualities of the control algorithm are verified by numerical
simulation.

2 MODELLING OF OVERHEAD CRANES

The overhead crane system considered in this study
consists of four masses as visualized in Figure 1, namely
cargo, trolley, bridge and equivalent of all rotating
components of hoist. The bridge is a distributed beam
whose mass is converted into a lumped mass my set in the
bridge center, the equivalent mass of hoist mechanism is
represented by m;, m, and m. are masses of trolley and cargo,
respectively. The crane system motion is represented by
five generalized coordinates: in which, x(¢) is trolley
displacement, y(7) indicates bridge movement along Oy axis,
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/ is the length of the rope, ¢1is the tangential pendulaion and
6 is the radial sway caused by the motion of the cargo.
Hence, the positions are described by g = [x y [ ¢ 6], The
control signals u, u; and u; respectively indicate bridge-
moving force, trolley-traveling force and cargo lifting
motions force. The frictions of wire ropes, trolley and

bridge motions are ignored in this paper.

Fig. 1: The overhead crane system

Based on the virtual power principle and Lagrange
theory, the equation describing the crane dynamics can be

casted in the form of

M(@§+C(q.q)+G(@+D=U )
Where, M(q) = MT(q) is symmetric mass matrix.

C(q,q) is the Centrifugal-Coriolis, G(q) is the gravity

vector. F is called vector of control forces of actuators. The
system matrices are obtained by the following formulas:

myq 0 myz my, mys
0 my, my; 0 mzs]
M(q) =|m3; m3; M3z 0 0 |.
my; O 0 my, O
Ms1 Mgy 0 0 mgs
0 0 3 ¢4 Clsl
0 0 c3 0 ¢y
C(q,9) = [0 0 0 c3 css5)
0 0 cu3 Caa Cus
0 0 cs3 €54 Css

G(Q) = [0! ng3'g3!g5]T'
D(q) = [dlﬁ dz; d3’ O;O]T, U= [ub' ut,ul,O,O]T_

The coefficients of M(q) matrix are determined as
follows.

my; = my + my + mg, my3 = my; = m.singsing,
My, = My = mclcospcosl, my, = my + m,
mys = Mgy = —mclcos@cosl, mz3; = m, +my,
Mys = mc1%c0s6, mys = mg, = m.lcosh.

Mss = m,I2.

The coefficients of C(q, ¢) matrix are given by the
below equations.

C13 = M COSQCosOP — m,singsindl,

14 = mecos@cosOl — m lcosesindd — mclsingpcosd@,
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€15 = —m lcospsin¢ — m singsin®l — m.lsingpcoso8,
C25 = mecosOl — m lsin@8, ¢34 = —m_lcos?01,

35 = —mclO, cyy = mlcos?6l — m 12 cosBsingo,

C45 = —m%cosOsinb¢, cs3 = m.l6,

csq = mel2cos@sindg, css = mli, c;3 = mecos@d.
The nonzero coefficients of G(q) vector are written as
gz = —m.gcospcosh, g, = m.glsinpcoso,
gs = mgglcospsing.

The nonzero coefficients of D vector are obtained as
d, = 3signx, d, = 3signy.d; = 3signl.

Where g is the gravitational acceleration. The input
vector U and the vector of generalized coordinates q are
respectively characterized as U = [uy,, u,, u;, 0,0]” and
q = [x,y,1,¢,0]". Apparently, the overhead crane system
is typically under-actuated with five controlled outputs but
only three actuators.

3 ADAPTIVE HJI SLIDING MODE
CONTROLLER

The section presents the design of the control
algorithm for trajectory tracking and anti-sway control of
the overhead crane. The adaptive HJI sliding mode
controller design is composed of two phases. First, a control
law is designed based on a positive definite solution of HJI
approach, Second, since the input saturation and preserving
the strong robustness are considered, an adaptation
mechanism based on RBF neural networks is proposed to
adjust the inputs and uncertain disturbances of the crane
system taking advantage of updating to the controller for
stabilizing the system responses. Note that the proposed
controller together with adaptation structure must well
implement five duties composed of precisely driving bridge
and trolley to come to their destinations, hoisting the cargo
to achieve the desired length of cable, keeping the cargo
swing angles small during the transport process, and
absolutely suppressing the payload swings at steady state.

3.1 Decoupling

The vectors of generalized coordinates can be
partitioned as q7 = [qF, qT] comprising the actuated state
vector q,and unactuated state vector q,, . Similarly, we
separate the input vector into UT = [uT, 0,,], The
partitioned vectors are defined as follows:

Qo =[xy, 11", qu = [9,01", u = [up, up, ]

Then (1) is rewritten as

Mi1Ga + M12Gy + C119a + €124y + Gy
=U

(2)
M314a + Mp2Gy + C21Ga + €29y + G2 3
+D,=0 3)
Where,
miq 0 my3 My Mys
My = 0 my, my3|, My = [ 0 mzs],
M3; Mgy M3z 0 0
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m 0 0 m 0
21 = “ ],Mzzz[ (;4

ms; Mgy 0 Mmss ]’
0 0 cq3 C14 (15
Cll =10 0 Cr3|» C12 =(0 C2s s
0 0 O C34 C35
_ 0 O C43 _ C4—4 C4—5
1=y o c53]’ 2z = [Cs4 Css]'
0 dl Up
G, = [0 , G, = [gﬂ,Dl =|d,| U= [ut].
91 d; Uy

The under-actuated states g,, can be obtained from (3)
as

Ay = _Mz_zl(Q)(Mz.l(Q)q + C21(q,9)qa + )
C22(q, ) qu + G2(q))
By substituting (4) into (2), we get the following form:

Mg, +C(q,Pqu +G(@ +D(q@) =U (5
In which,
M(q) = My1(q) — My (M35 (@)M21(q)
C(q,9) = C12(q,4) — M12(@M33 (q)C22(q, )
G(q) = G1(q) — M12(@IM3; (9)G2(q)
D(q) =D,

After complex calculation, the above mentioned
matrices are described as follows

M(q)

1
|[mb +m; + mesin®@sin?0 EmcsimpsinZG mcsimpsine]l

- %mcsimpsinze m; + m.sin?0 m.sinf j
m.singsinf m.sinf my + mg
sinpcos30¢  singpcosdl
C(q,q) = —m.l|cos?0sind¢p sin |,
cos?0¢ 60
B sinpcosf8] sgn(x)
G(q) = —mcgcospcos | sing |, D =3|sgn(y)|.
1 sgn(l)

Mathematical model governed by (4) and (5) will be
applied for designing the adaptive HJI sliding scheme in the
next section.

3.2 HJI Control Scheme

The tracking and anti-sway problem is constituted in
finding a control algorithms guaranteeing that
limi,0qq(t) = q2(t) and lim,,q,(t) =0 , where
q2(t) represents the reference trajectory for the vector of
the actuated generalized coordinates. It is assumed here that
all the state variables are measurable. The HJI sliding mode
algorithm design involves two steps. First, the vector of
sliding functions in terms of tracking errors of both actuated
states and un-actuated one is defined. Second, the control
scheme is designed based on HJI approach so that all states
trajectories are pushed to sliding surface and attracted to the
reference values on this surface.

Consider the tracking errors
e =qq —qaa = [X — X,y —Ya, L — ld]T
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and

ey = qu — Qua = [@, Q]T
The sliding surface is defined by linearly combining
between position and velocity errors,

s=¢&,+Ae, +ae, (6)

in which, designed parameters A and « are determined

A4 0 O a; 0
)\=[O Ay 0],0{=[0 az].
0 0 A 0 0
Let us define the feedforward control law as follows

U=u+M(@)§aqg +C(qPiyy+ 6@ (7
In which, u is the feedback control input.
Substituting (7) into (5) and simplifying lead to

M(q)é, + C(q,q)é, + D(q) =u (8)
Notice that condition (6) and (8) can be equivalently
expressed as
€q =5 —Ae, —aey
{1\7Is'=u>+u—1_)(q) ©)
Where,
w = M(@)Aé, + aé,) + C(q, gy
Furthermore, it is seen that (9) equivalent to

x=f(x)+g()d

AV 1o
Where,

€, 0 _

The space of square-integrable functions is denoted by
L, — gain J for the purpose of evaluating robustness of the
system.
SUp izl
= 1di = o, (1n
Where ||z||, is the square norm of a vector z € R¥. The
smaller the J, the better the controller.

Consider the system (10) and let y > 0, we have the
below implication. There exists a positive definite solution
L(x) = 0 under differentiability conditions, system (10) is
said to have L.2—gain less than or equal to y if

.1
L=< Evzlldll2 = llzIl?

The feedback control of the system can be obtained
once the HJT has been established.

1
u=-w-— Fs -

12)
3.3 Adaptation Mechanism

In case of the presence of disturbances and control
constraints, the neural network tuned online is used to
compensate the inputs and the uncertain terms.

Consider the input errors
6i=u-—-v
It is assumed to exist such that u = sat(v) and the
saturation operator sat(-) is defined as
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Umax, V > Umax
sat(v) =% v, |V| < Upmax
“Umax, V < —Umax

The RBF neural networks are chosen to perform the
approximated action. This leads to the representation of the
system block diagram as follows :

Saturation I_u_| plant I—LP

o=

Fig. 2: Overall system block diagram

The RBF neural networks are consisted of inputs and
outputs neuron with two hidden layers. The neural network
output 8, is a vector that are obtained on account of the
input vector v. By collecting all the neural network weight
into matrices denoted by W, the outputs of neural network
can be denoted as

8 =W, hy

Where the vector h; is the outputs of Gauss basis
function and the matrices W, is the estimated weights.

Consider the approaching error

8, —8 =W,"h; +& —W, h; =W, h; +¢

Furthermore, it can compensate the factors varied in

connection with the open condition based on the neural
networks.

~ ~ T ~
82 - 62 e WZThZ + EZ - WZ h2 = _WZThZ + 82
In case of adaptive control, the control scheme (12) is

modified with respect to estimation parameters. The
adaptive control inputs derived from (12) are determined by

u=—w—y%s—s+51+82 (13)
3.4 Stability of the Equivalent System

To demonstrate the stability of the equivalent system
by means of control law (13), the following Lyapunov
function candidate are chosen.

L= %STMS + %tr(WlT VI71) +
o (W, W)

Then, the derivative of L with respect to time is

(14)

. — 1 = 1 o~ 1 ~ o~
L=sTMs+ ESTMS +Etr (W1W1) +Etr (WZWZ)
=sT(w+u—Why —& —Wyh, — &)
+1tr W, W, +1tr W, W,
n 1 n
=ST(_‘}75_S+5A1+(§2_W1]11
1 FIS
—& — Wyh, — ez> + r_]tr (W1W1)
1 FS
+ﬁtr(WZWZ)
(1 _ _
=S <__ZS_S_W1h1_81_W2h2
1 1
&)+ o () + e (107,

Let us define the function H as

Co1 1
H=L—y?lall® = svlel® +zI*  s)

Which leads to

H=-sTeg ——sTe, — yists —sTs+sTWh, +

T\ L. T+ Ler (. T.) = 20201 112 —
s W2h2+ntr (W1 W1)+ntr(W2 Wz) SV [lel

1
Svelell? + lizIl?

Note that
T T 2 2 1t ’
—s 51—ﬁ5 S5V [le |l =-5 )—/s+ysl <0
1 1 11 2
—sTe, —Z—VZSTS —E)/leezzll2 = —5”;5 +ye| <0

~ 1 -~ T __
sT W,h, +?tr(W1 W) =0
—~ - T
ST thz +;’tr(W2 Wz) =0
—sTs+|z||?=0
By substituting functions mentioned above to the last
equation, it can be shown that

H<O0
or in a more convenient form

.1 1
L< Eyzllslll2 + §Y2”£2”2 = llzIl?
Applying HJI, one can easily indicates that ] <y

which implies that the surface s — 0 is globally reached in
a finite time.

4 SIMULATION AND RESULTS

The system dynamics shown in (2) and (3) driven by
adaptive robust actuators is numerically simulated via
MATLAB\SIMULINK programming. In this study the
plant parameters are listed as m. = 0.8 kg, m; =3 kg, my=15
kg, m; = 2 kg. The control law parameters used in the
simulations are M = 0.9,
A2=1.0,A3=1.1, au = =2, o2 = —4, The initial values of the
generalized coordinates vector are chosen such that
(x,v,1,9,8) = (0m,0m, 1m,0deg, Odeg) and g=
9.8065m/s2. The control forces drive bridge to move to
1.0 m displacement, trolley to reach to 1.0 m reference and
suspended cargo to be lifted to 3 m desired length. Assume
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that the damped aspects are selected to be zeros and the
control is set to be bounded by 15, The values of the RBF
neural networks parameters are determined by the actual
input numbers.

The results are shown in Figs. 3 to 6. These responses
illustrated in Fig. 3 asymptotically converge to desired
destinations. Trolley motion precisely reach to 1.0 m of
endpoint after 10 s. Bridge is tracked to achieve 0.5 m
within 10 s. whereas the cable length reaches 1.5 m
reference after 5 s. It takes more time to converge the
responses to a steady state on account of the bounded of the
inputs.

Bridge trolley and cargo lifing motion

2 ; :
A Bridge motion

i5L Trolley motion

-~ Cargo lifting motion
180 7
1.4

Displacement(m)
T

0 5 10 15 20
time(s)

Fig. 3. Displacements of x, y and cable length

Payload swing angles

N —— Swing angle - Phi
/ ' - Swing angle - Theta

051

o

Swing angles(degree)
=}
o

-1

0 5 10 15 20
time(s)

Fig. 4. Cargo swings ¢ and 6

ut

ul ||

5 10 15 20
time(s)

Fig. 5. Control force of bridge, trolley and cable

ideal D(1)
estimation of D(1)
0 5 10 15 20
time(s)
ideal D(2)
L estimation of D(2)| |
0 5 10 15 20

time(s)
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ideal D(3)
estimation of D(3)

D(3)

-20 : : :
0 5 10 15 20
time(s)

Fig. 6. Estimation of parameters, D

As shown in Fig. 4, the cargo vibrations depicted in
this section are the tangential pendulation and radial sway
which are suppressed to the maximum amplitude of 2
degrees and absolutely eliminated at steady states.

Fig. 5 shows that the control inputs are precisely
bounded by 15.

Fig. 6 shows the estimation of external disturbances.
The estimated parameters are different form the true
parameters. This can be explained that the controller is to
stabilize asymptotically the system outputs by many values
of estimated parameters other than true parameters. The
control action does not reflect the important meaning of
crane control problem. The main objective of the controller
is making the system outputs converged to the stability.
Therefore, the convergence of the estimated plant
parameters does not bother to discover the true parameters.

5 CONCLUSION

In this paper, an adaptive HJI sliding mode controller
is developed for the model of 3D overhead cranes in case of
actuator constraint and the presences of disturbances. The
asymptotic stability of the closed loop system has been
presented based on HIJI theory. Robust control

performances are obtained when the system is subject to
disturbances. The simulation results indicate the
effectiveness of the proposed control method. Integrating
back-propagation algorithm and observers to adaptive
controllers will be developed in future.
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    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
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    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
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