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This paper proposes a second-order sliding mode controller for a three-dimensional overhead crane in an extremely complicated
operation with uncertain system parameters. Three actuators composed of trolley-moving, bridge-traveling, and cargo-hoisting forces
simultaneously drive fine outputs comprising bridge motion, trolley tramslation, cable length, and two payload swing angles.
Simulation and experiment are performed to investigate the controller qualities. The proposed controller asymptotically stabilizes and
consistently maintains system response even when some system parameters are extensively varied.

NOMENCLATURE

m,. = cargo mass (kg)

m, = trolley mass (kg)

my, = lumped mass of bridge (kg)

m; = equivalent mass of all rotating components of hoist (kg)
x = trolley displacement (m)

/= cargo suspended cable length (m)

@ and ¢ = cargo swing angles (rad)

u, = trolley-traveling force (N)

u, = bridge-moving force (N)

u; = cargo-lifting force (N)

1. Introduction

Overhead cranes are extensively used for lifting and carrying
payloads in industrial factories. Modern overhead cranes are usually
operated at high speed to increase productivity. The fast motion of
cranes without controls leads to large cargo swings, which cause

inaccurate motions of crane mechanisms and lead to dangerous
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situations in operation zones.

Crane control studies have elicited considerable attention. Several
papers that applied various types of control techniques have been
published. Sakawa' and Sawodny? designed linear control laws by the
pole placement method. Giua® suggested a state feedback controller
and an observer based on a parameter-varying linear crane model.

Several studies have used optimal methods to examine crane
control. Sakawa* computed the optimal algorithm to minimize payload
swing and track trolley. Auernig® solved time optimal-control problems
using Pontryagin’s maximum principle. Garni® studied an optimized
nonlinear feedback controller that satisfies specified boundary
conditions and functional constraints. Wang’ recommended an optimal
asymptotic linear quadratic controller with fixed gains during payload
mass variation.

Nonlinear control techniques, such as feedback linearization®!! and
Lyapunov-based methods,'>'® have been extensively applied in crane
control design. Lee!” proposed a Lyapunov-based controller comprising
feedforward and nonlinear proportional-integral-derivative control
components. Lee also designed motion-planning schemes for a two-
dimensional (2D) motion cranes'® and three-dimensional (3D) crane
systems'? that are effective in high payload-lifting speeds.

Crane control adaptive trends have also been mentioned in several
papers. Hua?® discussed a nonlinear control scheme that incorporates a
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parameter-estimating mechanism using self-turning methods. Yang®'
enhanced Hua’s adaptive controller’ for a 3D overhead crane. Teo®
addressed another adaptive control law to control the motion of the
overall gantry system without considering cargo anti-swing control.
Cho*

proportional-derivative and corrective control components. Sun®*

proposed an adaptive controller consisting of nominal

applied the iterative learning strategy to design a kinematic coupling-
based trajectory controller. Omar,® Giua,?® and Corriga®” applied the
gain-scheduling approach to control tower and gantry -cranes.
Mizumoto® designed a multi-rate adaptive output feedback controller
for a digital crane system. Ngo®® provided an adaptive structure using
boundary control for a container crane based on a distributed
mathematical model.

Sliding mode control (SMC) is a well-known robust technique
extensively applied in nonlinear systems. SMC general theory for a
class of under-actuated systems was introduced by Lee,*® developed by

" and completed by Sankaranarayanan.> Subsequently, a

Ashrafiuon,’
series of control crane papers that use SMC was published. Karkoub*
introduced a variable crane system structure controller in conjunction
with a state feedback control scheme and a p-synthesis control scheme.
Two overhead crane SMC schemes, a Pl-based controller and a linear
observer-based time-varying feedback scheme, were constructed by
Bartolini.** Ngo® discussed a payload sliding mode controller for
container crane anti-sway and only showed the simulation result.
Bartolini*® proposed a second-order sliding mode controller for 2D
overhead crane with constant cable length. However, the payload swing
response of the article clearly indicated chattering. Lee®’ calculated a
first-order sliding mode controller to control the cargo swing and
trolley motion concurrently. This controller was derived from sliding
surface stability analysis. The sliding surface was defined by linearly
combining all state errors. Almutrairi®® enhanced Lee’s study’’ and
designed a first-order SMC scheme for a 3D crane system, wherein
only the simulation result was included.

The present study proposes a second-order sliding mode controller
for a 3D overhead crane with varied cable lengths by improving and
upgrading the controllers found in earlier articles.’*® A real-time
experimental study is included.

This paper is organized as follows. Section 2 describes a nonlinear
mathematical model of a 3D overhead crane. Section 3 discusses the
design of a second-order sliding mode controller comprising a scheme
design and a system stability analysis. Section 4 presents the simulation
and experiment. Section 5 gives the concluding remarks.

2. System Dynamics

The dynamic system (Fig. 1) comprises four masses: m,, m;, m;, and
m,. The distributed masses of a bridge are converted into a lumped
mass m,, set in the bridge center. The equivalent masses of hoist, trolley,
and cargo are represented by my, m,, and m,, respectively. The system
involves five degrees of freedom corresponding to five generalized
coordinates; x(z) for trolley displacement, z(¢z) for bridge motion, and
{l(®), q(1), j(t)} are the three generalized coordinates that determine
cargo position. The inner friction of wipe rope is considered a linear

damping element b,. The frictions of trolley and bridge motions are

Fig. 1 Physical modeling of a 3D overhead crane

characterized by b, and b, respectively. The control signals u, u,, and

u; denote the driving forces of trolley motion, bridge translation, and

cargo hoist, respectively.

Based on the virtual power principle and Lagrange’s equation, the

fully nonlinear dynamics of the crane system is obtained as follows:
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These ordinary differential equations can be rewritten in matrix

form as follows:

M(q)§+Bq+C(q,9)4+G(q) =F,

(©)

where M(q)=M’(q) is a symmetric mass matrix, B is a damping

coefficient matrix, C(q,q) is a Coriolis and centrifugal matrix, G(q)

denotes a gravity vector, and F denotes the control forces. The

components of Eq. (6) are determined by the following formulas:

myy 0 myzmygms b,0000
0 mymy; 0 mys 056,000
M(@) = |y myymy; 00| B=10 0500
my 0 0 my, O 00000
msyms; 0 0 mss 00000
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z 00c;3¢4¢4 0 Uy
x 00cy; 0 cyy 0 u,
q=17> €@ =100 0 c5ycy5» G@=|gs, F=|, |
4 00cy3cy4¢45 84 0
9 00 cs5c54C55 Ef 0

The coefficients of the M(q) matrix are determined by the following

equations:
my =mrmytm,, mjy=my =m.ssinpcost,
myy =my =mcospcosl, ms=ms =—mUlsingsing,
Myy =m,+m,, My =m.sing, mys=ms,=m./lcosé,
My =m,sin®, myy=m+m,, my=ml cos®, mss=m,l
32 c > 33 1 co 44 c > 55 ct -

The coefficients of the C(q,q) matrix are determined by the
following equations:

13 = m cospcosOp—m, sinpsindd
14 = m.cos@cosOl—m,lcospsin@O-m, lsinpcosdp ,
¢15 =—mlcospsin@p—m_singsinbi—m lsinpcos6d ,
Cyy =m,c0500, cy5s=m,cosOl-m,lsin0,
C3y = —mglcoszﬁ(p , Cys=—mdh, cpy= mclcoszer'p ,
Chy = mL,lcoszHl'—mL,lzcos@sinH@ , C45= —mclzcosﬁsinﬁ(o R
cs3=mll, c5y= mclzcosﬂsinﬁq'), css=mli.

The nonzero coefficients of the G(q) vector are determined by the

following equations:

gy =-m.gcospcosl , g,=mglsinpcosd , gs=m.glcospsing .

3. Second-Order Sliding Mode Controller

3.1 Decoupling

An overhead crane is an under-actuated system with five controlled
outputs but only three actuators. The mathematical model for the
overhead crane should be separated into two auxiliary dynamic models
comprising actuated and un-actuated systems. Correspondingly, we define
q: =[z x []" for actuated states and q, =[¢ 6] for un-actuated states.
The matrix shown in Eq. (6) can be separated into two equations:

{ M, (9)q4,t*M»(q)q,+ B4, }: @

+C11(9,9)4,+C (9,44, + G (q)

{MZI(q)iia+M22(q)iiu+C21(qa q)qa} -0 (8)
+C22(q’ q)qu+G2(q)) ’

where

my 0 my mygmys
My (@) =] 0 mymyl> M@= 0 Mys|?
M3y M3 M3y 0 0

00c5 C14€1s
Cll(qaq): 006’23 5 Clz(qu): 0 Cosl 2
100 0| (€34 33

- _fooey - esedd
Cy(q,9) = 3, Cy(q,q) = 44743
L OC5§ (€54 Css)

1
85

b,00 0 u,
B =105,0 Gi=|o0| G2=%‘1, U=y
005, g3 u;

M,,(q) is a positive definite matrix. Eq. (8) is rewritten as follows:

M, (9)q,+C(q, Q)qa}

L €]
+C22(q’ q)qu+ GZ(q)

i, = —Mzé(q){

Cargo swing q, =[¢ 6]" is directly involved in the properties of

trolley motion x, bridge motion z, and cable length /. Substituting Eq.

(9) with Eq. (7) and simplifying the lead to the actuated dynamics
derive the following equation:

M(@)d,+Ci(q, )4, *+C2(q,9)4,+G(q) = U, (10)
where
M(q) = M, ()M ,(Q) M ()M, (q) ,
Ci(q,) =B, +C,1(4,4)~M2(@M5(@)C2,(q,4) »
C2(q,6) = C,5(q,§) M (@M (q)C(,4) »
G() = G,(0)-M,5(q)My(9)Gx(q) .

3.2 Control scheme design

A second-order sliding mode controller is proposed to move the
trolley and the bridge from their initial positions to their destinations as
fast as possible, to reduce cargo vibrations during transfer, and to
eliminate cargo swings at the trolley and bridge destinations. All the
state variables are assumed to be measurable. The SMC algorithm
design has two phases. First, the sliding surface is selected to
consolidate all state trajectories. Second, the SMC scheme is designed
to push all system states to the reference points on the sliding surface.
In other words, under the action of the proposed controller, the actuated
states q; = [z x []” reach the desired values q,s=[z4 x4 I;]” and the
cargo swings q.=[¢ 0] converge to q,;=[0 0]~

The first-order sliding surface is defined as
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Table 1 Crane parameters
s=[s; s 53]T =q,+A4,+ad,, (11) System parameters Controller parameters
= 2. =
g=98l /s o 0.85 ke A = diag (0.75, 0.75, 1)
4,00 a,; 0 mt_zikgl;mhz_oLkg/ a =4 =35
where A= and o= are design parameters, and q, = m =2 Keg, b= m/s —di
04,0 0 o, gn p | b, = 30 N b, = 50 Nis K = diag (0.5, 0.5, 1)
004 00

Q1 — Qig= 2524 X4 11" and @, =qo— que=[¢ 6]” are tracking
error vectors.
By differentiating the sliding surface with respect to time, we obtain

the following equation:
s=8,+24, +ad, (12)
which leads to
$=4,+1q,taq, . 13)
We consider the surface dynamics, expressed as follows:
$§+tAs=0. (14)

Eq. (14) indicates that the sliding surface s is exponentially stable
for every positive diagonal matrix A. By inserting Eq. (10) into Eq. (13)
and Egs. (11) and (13) into Eq. (14), we obtain the following equivalent
control input:

U,y = Ci(a,9)d;+C2(q,9) %+ G(q)
-M(@){244,+A"Ma;-q1) F adr + Aagy}

The equivalent component shown in Eq. (15) consolidates the system

(15)

states toward the sliding surface. To consistently maintain system
trajectories on the sliding surface, we introduce the switching action,
expressed as follows:

U,,, =-Ksgn(s) . (16)

The second-order SMC scheme, which comprises approximated

action and switching control, now becomes

U= Ci(q,4)d;+C2(q, )4, + G(q)-Ksgn(s) an
-M(@){226,+A'A(@,-q1) Fady H ey}
where K = diag(K, K5, K3) Controller parameters K, 1, and a are also
chosen to stabilize the sliding surface and to enable the state trajectories
to slide to the desired values on surface s as fast as possible. The sign
function of the sliding surface is denoted by sgn(s).

3.3 Stability of sliding surface

The ability of the second-order sliding mode controller, shown in
Eq. (17), to asymptotically stabilize the sliding surface defined by Eq.
(11) should be proven. The following Lyapunov positive candidate is
considered:

s's (18)

with a derivative in of the form of
y=5's. (19)

Notably, M(q) is a positive definite matrix. The actuated dynamics

shown in Eq. (10) is rewritten as follows:

=M (@){U-Ci(q,9)d,-C2(q.)d-G(q)} . (20)

Substituting Eq. (17) with Eq. (20) and Eq. (20) with Eq. (19) yields

the following equation:
. T Tre—1
V=-sAs—s M (q)Ksgn(s). 2n

The sign of s; is identical to that of sgn(s;). Therefore, the sign
consideration of 7 is equivalent to that of the following function:

V,=—s'As—s'M (q)Ks . 22)

After some calculations, M(q) is derived in the following form:

m,tm,tm j
( ! 5 b 5 CJ ( S (m sinpcosO)
sin @ cos (] sin@cos
M@=\ 0 m+m, (23)
( ¢ 9) (m_sin6)
sinBcos sin’0
|(m, sinpcost) (msin6) (m+m,) |

M(q) is a symmetric matrix with a;; = m, + m, + mcsin2(pc0529 > 0.
The determinants of the upper-left sub-matrices of M(q) are

2 ) 2
— m, +mm,+mm,.sin @ cos 0
det(Mi(q)) = { ' MMy T m, 4 }

.2
+(m,m +mym,)sin @
and

mt(mt+ mc)(mr+mb)
det(M(q)) = +mcm,(m,+mb)sin20 >0.

.2 2
+m m m;sin"p cos 0

Therefore, M(q) is a positive definite matrix for every q.

Eq. (22) shows that ¥, < 0 for every positive definite matrix M(q)
and controller gains K>0 and A > 0, yielding <0, which implies
V(f) < V(0). Therefore, s must be bounded. We apply Barbalat’s
lemma,*® lim V=0, which yields /ims =0 . Hence, the sliding surface

>

s is asymlt)%?ically stable.

4. Simulation and Experiment

The system dynamics shown in Egs. (7) and (8), and obtained by
using the second-order SMC input shown in Eq. (17) is numerically
simulated via MATLAB. The simulation is implemented for the most
complicated case in which all crane mechanisms are simultaneously

operated. More precisely, the cargo is lifted from the 1 m initial cable
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Fig. 2 Diagram structure of a real-time crane system

length to the 0.7 m desired cable length. The trolley is driven to move
from its initial position to the 0.4 m desired displacement. The bridge
is controlled to move to the 0.3 m reference. The suspended cargo cable
is initially perpendicular to the ground (g = & = 0°). The crane system
is simulated by using the two cases described in the following
paragraphs.

Case 1: The crane parameters used in this case are shown in Table 1.

Case 2: System with uncertainties. Several crane parameters have
uncertainties that can be extensively varied depending on operating
conditions. Overhead cranes hoist cargo of varying volumes and weights.
The friction factors can be changed in connection with temperature and
operating environment. Therefore, the proposed controller must
guarantee system robustness in case of system parameter variation.
Using the controller parameters in Case 1, the system responses are
investigated when the cargo mass m. = 400% is increased (m. = 3.4 kg)
and when the damped coefficients Ab, = Ab, = Ab,=-10% are decreased
(b;=18 Nm/s, b, =27 Nm/s, and b, =45 Nm/s).

Experiments were conducted on a laboratory overhead crane (Fig.
2), and the results were compared with the simulation results. The crane
system comprises two IG32GM direct current (DC) geared motors for
driving the trolley and hoisting the cargo. Three HEDM 5505
incremental encoders manufactured by Hewlett-Packard, with resolutions
of up to 1,024 counts per revolution, were used to measure trolley
displacement, cable length, and payload swing angle. The crane system
was controlled in real time by a host personal computer (PC) with
MATLAB and SIMULINK environments by using the xPC Target
solution. The target PC is equipped with two additional interface cards
to achieve the proposed control. The first interface card is the NI PCI
6025E multifunction card, which is used to send directional control
commands to the motor amplifiers. The other card is the NI PCI 6602
card, which acquires pulse signals from the encoders and sends pulse
width modulation signals to the amplifiers. The real-time crane system
was operated at a sampling time of 7, = 10°s.

The results are shown in Figs. 3 to 15. The high quality of the
bridge, trolley, and cargo-hoisting motions are shown in Figs. 3 to 5.
These responses have no overshoot and converge to a steady state after
a considerably short time. For example, the trolley moves to the 0.4 m
desired position after 5.6 s for simulation Case 1 and 4.4 s for the
experiment. The cargo is lifted to the 0.7 m desired cable length from
the 1 m initial position after 5.5 s for simulation Case 1 and 3.8 s for
the experiment. The shapes of transient responses were consistently
retained when the system parameters m., by, b, and b, were broadly
modified (the dot curves denote uncertainties).

The payload swings for the simulation and experiment are shown in
Figs. 6 and 7 respectively. The experimental cargo swings of this study

Fig.
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are comparatively smooth. A small payload was maintained during the
transfer process: @n.x =2.7° for the simulation and @, =2.9° for the
experiment; G, =3° for the simulation and 6,,x=2.7° for the
experiment. Cargo swings were suppressed within one vibration cycle
for the simulation and more than two cycles for the experiment. The
amount of time needed by the cargo vibration curves to achieve the
steady state differs between the simulation and the experiment: z,=7 s
for j-simulation and z, = 6 s for j-experiment; ¢, = 5.7 s for g-simulation
and 7,=6.4s for g-experiment. The g-steady experiment response
vanished, whereas the j-experiment response remained at steady-state
error ey = 0.32°.

In practice, overhead cranes are not equipped with velocity sensors
because of increases in cost, weight, and volume of cranes. Velocities
can be obtained by deriving the displacements or estimating the states
using an observer. In this study, numerical derivation was used to
obtain the velocities. The velocities of system responses are depicted in
Figs. 8 to 12. The transient periods of simulated velocities of the bridge,
trolley, and lifted cargo are divided into the accelerating and decelerating
phases. For example, the bridge speeds up in the first 1.9 s and slows
down in the remaining 4.3 s. The trolley accelerates in the first 1.8 s
and decelerates in the remaining 3.8 s. Cargo is hoisted with high speed
in the first 0.6 s and with low speed in the remaining 4.9 s. The peaks

of these responses show the transition stages between the two phases.
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Table 2 Comparison of experimental performance with Bartolini’s

research
Settling time (s) M, (%) or g, (rad)  Steady-state error
Our study Our study Our study
z (m) 4 X 0 X 0.004 m X
x (m) 44 7 0 0 0 0
[ (m) 3.8 6 0 0 0 0
¢ (rad) 5.6 X 0.050 rad X 0.006 rad X

O (rad) 4.6 8 0.048rad 0.13rad 0.0015rad 0.02rad

“X” denotes that the “value is not available.”

M, and a,,, denote the “maximum percentage overshoot” and “maxi-

mum swing angle,” respectively.

Table 3 Comparison of simulation performance with Almutairi’s

research
Settling time (s) M, (%) or @y (rad)  Steady-state error
Our study Our study Our study
z (m) 6.8 14 0 5% 0 0
x (m) 6.8 15 0 6% 0 0
/ (m) 6.5 8 0 0% 0 0
@ (rad) 6.9 16 0.049rad 29rad 0 0
6 (rad) 7.6 14 0.053rad 2.3 rad 0 0

M, and a,,, denote the “maximum percentage overshoot” and “maxi-

mum swing angle,” respectively.

The responses of bridge and trolley motions have smooth transition
stages, whereas the response of cargo hoisting has a sudden transition
stage.

The system responses described in Figs. 3 to 15 point out the
difference between simulation and experimental curves, and are
obviously seen at the transient state. This result is derived from the
discrepancy between the mathematical model and the real crane system.
Several nonlinearities and factors were not included in the mathematical
model, such as nonlinear frictions and precise modeling of DC motors.
Certainly, if the mathematical model becomes consistent with the real
crane system, then the simulation results will eventually become similar
to the experiment results.

Table 2 further shows the strength of the proposed controller by
comparing the experimental results between our study and Bartolini’s
research.*® Three performance indices for the time response of bridge
motion, trolley motion, payload hoisting, and two directional cargo
swing angles ¢ and @ are compared. Considering that Bartolini studied
the second-order sliding mode controller that was designed only for 2D
motion, no performance measure was obtained for bridge motion and
cargo swing angle ¢, and they are denoted with “X” in Table 2. A
comparison shows that the response of our study is faster than that of
Bartolini’s research. The maximum value and the steady-state error of
the swing angle of our result are also far smaller than those of Bartolini.
Unlike the experimental swing angle in Bartolini’s research, wherein
the cargo vibrated with more than four cycles and the chattering was
clearly observable, the experimental cargo swings in the current study
are smooth. Although our study handles the 3D motion of an overhead
crane, which is more difficult to control than the 2D case, all three
performance indices denote that our controller is much better than that
in Bartolini’s research.

A comparison with the research of Almutairi*® is shown in Table 3.

Almutairi proposed a first-order sliding mode controller for a 3D
overhead crane, but he investigated only the simulation and presented
the simulation result for his proposed controller. While the bridge and
trolley motions of Almutairi’s research clearly have significant
overshoots, the bridge, trolley, and cargo-hoisting motions of our study
have no overshoot and converge to a steady state after a considerably
short time.

5. Conclusion

A second-order sliding mode nonlinear controller was improved for
a 3D crane system in a complicated operation in which cargo lifting,
trolley traveling, and bridge moving were simultaneously activated.
Simulations and experiments were performed. Most of system responses
were asymptotically stabilized. The experimental payload swings
approximately approached zero in spite of a small residual steady-state
error. The bridge and trolley motions approached reference input values
without maximum overshoots. The controller guarantees system
robustness despite the extensive variety of system parameters. The
optimal SMC of overhead cranes will be enhanced in future work.
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