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ABSTRACT

Tower crane is widely used in various fields such as construction, industry, transportation, etc. The tower
crane, by its physical nature, is a oscillating pendulum in space, thus the vibrations of the load are inevitable
during operation, highlighting the necessity of researching vibration control methods for tower cranes. Most
current studies on anti-vibration for tower cranes focus on the object with a fixed cable length and 4 degrees
of freedom, while research on anti-vibration for 5 degrees of freedom tower cranes is still limited. This article
presents a sliding mode control (SMC) method for vibration control of a 5 degrees of freedom tower crane
with variable cable length. The control system, with high robustness, helps move the load along the desired
trajectory while effectively suppressing vibrations. The feasibility and effectiveness of the proposed control
method are tested through simulations.
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TOM TAT

(an truc thap gii [a mot trong cac thiét bi nang hién dai dugc str dung trong nganh xay dung, dap (ing
nhu cdu van chuyén vét liéu xdy dung mot céch chinh xéc va hiéu qua. Vi cdu thap ¢6 ban chat vat Iy 1a mot hé
con lac dao ddng trong khdng gian, do d6, khd tranh khéi cac rung dong ctia tai trong qua trinh van hanh.
Diéu nay dat ra yéu cau trong viéc nghién ciu cac phuong phap diéu khién chdng rung cho cau thap, nham
giam thiéu hién tugng rung dong va dam bao su 6n dinh trong qué trinh van hanh. Hau hét cac nghién ctu
chdng rung cau thap hién nay tap trung vao déi tugng cu thap co chiéu dai day cap 1a ¢ dinh v6i 4 bac tu do,
cac nghién cttu vé chdng rung cho cau thap 5 bac tu do con rat han ché. Bai bao nay trinh bay phuong phap
diéu khién chdng rung cho can truc thap 5 bac tu do véi chiéu dai cap thay di st dung phuong phép diéu
khién trugt (sliding mode control - SMC). B6 diéu khién c6 tinh bén vitng cao gitip di chuyén ti theo quy dao
mong mudn, dong thai triét tiéu rung dong moét cach hiéu qua. Hiéu qua cia phuong phap dé xudt dugc kiém
nghiém qua cdc mo phdng.

Tirkhéa: Can truc thdp, diéu khién trugt, chiéu dai cdp thay doi.
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1. INTRODUCTION

A tower crane is a type of
lifting device with a tower body
that rapidly increases from tower
sections to the height of the
building, with a very large reach
[1]. It is widely used for material
transportation and assembly in
factories, «civil  construction
works, industrial construction,
and hydroelectric projects, etc.
[2]. However, reality presents
major challenges to tower crane
operations. Occupational
accidents still occur regularly,
serious safety accidents of cranes
have caused casualties and
property loss [3]. One of the main
causes of this phenomenon is
load vibration during operation.
During the tower crane's
operation, its movement causes
vibrations inside the structure.
The faster the crane moves, the
greater the moment of inertia it
generates [4]. In addition to
moving with the crane, inertial
forces will cause relative
movement of the load with
respect to the crane, causing
swing angles of the load cable
around its equilibrium position
[5]. This phenomenon not only
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reduces work efficiency but also causes labor safety.
Therefore, eliminating vibration of tower cranes during
operation is extremely necessary.

In recent years, many studies have proposed anti-
vibration control methods for tower cranes. The most
notable studies include: robust control [6, 7], nonlinear
control [8, 9], model predictive control [10, 11], adaptive
control [12, 13], etc. In [14], a feedback control method for
tower cranes using gain-scheduling technique has been
proposed to eliminate load fluctuations, but the
nonlinear characteristics of the system are not
considered. In [15] an elastic model of tower crane is
developed. Then, a two-degree-of-freedom control
structure for tower cranes is proposed. The control
system combines nonlinear flatness-based control and a
linear quadratic regulator. In addition to feedback control
methods, several feedforward control methods are also
developed for tower cranes. In [16], a command shaping
approach for the radial motion of a tower crane has been
proposed. In [17, 18], an optimal trajectory is considered
for a tower crane. Most of the above studies have studied
tower cranes with 4 degrees of freedom with fixed rope
length. To ensure effective completion of transportation
and lifting/lowering of loads, it is necessary to consider
the change in rope length, therefore, the control method
of the 5-degree-of-freedom tower crane needs to be
studied further. In addition, the problem of controlling
the nonlinear model of tower cranes also needs to be
applied. Using a dynamic model close to reality will
improve durability as well as the ability to resist
disturbances when applied in practice [19].

Sliding mode control (SMC) is a robust and effective
control strategy that has found widespread applications
in various engineering domains because of its of
robustness, fast response, and design simplicity.
Therefore, this article proposes the sliding control
method (SMC), which essentially uses intermittent
feedback control law to enforce system stability, helping
to effectively reduce load vibration. First, the system
operates as a scaled down system compared to the
original object, second, the movement on the sliding
surface of the system makes the system insensitive to
disturbances and model uncertainty [20]. The article uses
a nonlinear dynamic model and considers the change in
cable length, ensuring accuracy compared to the actual
tower crane model. The results of the method solved the
problem of planning the trajectory of a 5-degree-of-
freedom tower crane with increasing/decreasing the
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load, controlling the crane rotation, moving the trolley
and changing the cables. The oscillation angles of the
load are eliminated almost completely quickly and reach
zero before the crane stops completely.

2. TOWER CRANE DYNAMICAL MODEL

The tower crane model is described in the static
coordinate system Oxyz and rotate coordinate system
0'x'y'z" as shown in Fig. 1. The system consists of a trolley
with mass m;, a load with mass m., and the moment of
inertia of the tower body rotation ]. There are 5 types of
motions: translation of the trolley x, rotatio of the tower
body vy, length variation motion of the cable 1 and
swinging motion of the load cable due to oscillation
angles 8, and 8,. Thus, q = [y,x,1,04,0,]T is chosen as
the generalized coordinate vector. The control inputs
include the pulling force uy, the torque u, and the control
force for cable length adjustment u; to move the trolley,
rotate the tower body, and adjust the cable length to
reach the destination from the initial position.

A Z

|

ST T

:
"

\

me

Fig. 1. Tower crane model

1: rope length; x: distance of the trolley from the tower axis; y: rotation
angle of the tower body; 68, 8,: oscillation angles of the load; m., my:
mass of the load and trolley

Using the Lagrange method and after computational
steps, we obtain the dynamical model of the tower crane
in matrix form as follows [3]:

M(q)§ + €(q,9)q+ G(q) =F (1)
where:

M(q) is the inertia symmetric matrix:
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my; My M3z Mjy Mg
mp; My M3z Mpy Mps
M(q) = |m3; M3 mz3 0 0 (2)
Myy My, 0 Myy 0
Mgy Mgy 0 0 Mss

The parameters of the elements of the matrix M(q):
my; = (m¢ + m)x? + mcl?(8% + 63) + 2mex10, + J;
my; = My; = —MclBy my3 = m3; = mcx8,;

My, = My; = —MJ?0, mys = ms; = mcl(x +16,);
my; = (Mg + me); my3 = mg; = mchy;

my, = My = mcl; mys = mg=—mcl6;6;;

12:

M3z = M¢; Myg = M55 = Ml
C(q,q) is the centrifugal and Coriolis matrix. The
elements of the matrix are represented as follows:
ci1 0 ¢z C1a G5
21 0 c3 €2 35
Cqq@ =|c31 €32 0 34 c35 3)
Ca1 0 Caz Cag Cys
€51 Cs2 C53 Cs4  Csg
The parameters of the elements of the matrix C(q, q):
Ci1 = 2(m¢ + mYXx + 2mglx6;;
13 = (2m.10% + 2m.16? + 2mx0,)y — 2m.16,6, +
(2m.l8; + 2m.x)6,;
C14 = (ZmCXl + 2mC1291)Y + mclzelelez;
cis = (2m.?0, — 2m.x18,0,)y + 2m.1%6,03% —
m.Ix6,0,;
21 = —[mc18; + (m¢ + m)x]y;

Cy3 = _chyez + chel - chezelez;

Cyy = —chlezez - mclélez;
Cys = —chlY — mclezel;
c3; = —(mx0, + mclze% + mcle%)yr

C3p = 2mM¢Y0,; C34 = 2m(10,y;

C35 = —2mcly0; — mclB,; ¢y = —ml(x +10,)y;
Caz = —2mcly0; + 2m 1y gy = —2m126,6;
Cas = —2m 1%y; cs; = mI(x0,0, —10,)Y;

Csp = 2mcly; cs3 = 2mly6;,;

Cs4 = 2m %y + m 120,05 c55 = 2mli;

G(q) represents the gravitational component and F
represents the control input.

0 U,
0 U
G(qQ) = |g3|,F= |u (4)
94 0
Is 0
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The elements of the gravitational component G(q)
are:gz = —ml6f + mg g, = mcgloy; g5 = m.gloy;
3. DESIGNING OF SLIDING MODE CONTROLLER
3.1.Controller designing

The purpose of the sliding mode controller (SMC) is to
control the state trajectories q; = [y x 1]T to achieve
desired values q;q = [vq X4 l4]Tand to drive the
oscillation angle of the load q, = [0; 68,]T towards
Q24 = [0 0]7. Asliding surface first is constructed such
that the state trajectories are attracted towards it, then a
control law is designed to drive all states to the
equilibrium point. Before designing the controller, the
equation (1) is rewritten as follows:

M,;;(@)4; + Myx(q@)d, + Ci1(q, @4 +

Ci12(q,9)q; + G (q) = F; (5)
M, (q@)d; + M32(@)4; + C21(q,q)q; +
C22(q,9)q; + G2(q) =0 (6)
where:
mp; My, My3
M;;(q) = [m21 mj; m23l ;
mz; M3y Mgz
mys Mgy
M,,(q) = [mzs m24l;
M35 Mgy
Mgy Mgy Mg3
Mz (@) = [m41 My, m43] ’
M55 Mgy
My, (q) = [m45 m44] ;

C11 Ci2 Ci3
C1(q,q) =|C21 €22 Ca3|;
C31 C32 Cz3

Cis  Ci4
Ci2(q.q) = [Czs C24l:
C35 C34
.y _ [Cs1 Cs2 Cs3],
Ca(q.@) = [C41 Cq2 C43]'
.y _ [C55 Csa],
C,(qq = [C45 C44] ;
0 Uy
g
Gi(q) = [0 D G@= [ F= H:
g3 )|

Equations (5) and (6) are transformed into the
following form:

4; = M7 (@) (—My, ()4, —

C11(9,9)q9,—C12(q, 94z — G, (@) + F) (7)
q; = Mz_zl(Q)(_Mn(Q)th -
C21(q @)4:—C22(q, @), — G2(q)) (8)

It should be noted that M;,(q) and M,,(q) are
positive definite matrices with parameters 1> 0, 6; < g
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va 6, < g By substituting (8) into (5), we can derive the
following:
M;(q)4; + C1(q,@)q; + C;(q, 9)q, + Gz(q) = F1(9)
where:
M;(q) = M;;(q) — My (@)M;; ()M, (q)
C1(q, @) = C11(q,q) — My,(@)M3; (q)C21(q, @)
C2(q,q) = C12(q, @) — My, (q@)M;; (q)C;2(q, )
Gs(q) = G; — M;,(@)M2; (q)G2(q)

The mathematical model (9) will be used to design the
tower crane controller. The designing steps are as follows.

Step 1: define the sliding surface as:

Wy
w= [Wzl =é, +pme +ae, + e, (10)
W3
—Yd 0
where €, = q; — Qg = [X ~Xd| ; €, =qy —qzq = [91]
1-14 2

are signal errors.

Iy; Ky; o are controller coefficient matrix, with:

g O 0 Hzg O
=10 we 0 p=|0 ppf
3

0 0 m 0 0
a; 0
o= l 0 azzl;
0 0

Derivative of (10) one can obtain:
W = él + I‘llél + aéz + I.lzéz

=q; + 1iq; + ag; + p2q; (1)
Step 2: set w = —K. sgn(w), then, the control input is
obtained as

U = Ci(q,9)q; + Gz(q)
~M;(q) (15 — aMz} (@My; (@) X

(ny — aMz(@)Cy1 (q, @) gy +(p
—aM;; (q)C,2(q,4)q, — aM3z; (q)G,(q)

—K. sgn(w) (12)

Comment 1: In (16), K = diag (K4, K,, K3) is positive
definite matrix ensures the sliding surface converges to 0.
Furthermore, K, 1, p, are selected to stabilize the system
and to make the sliding state trajectory converge to the
equilibrium point as fast as possible [21]. Sign function
sgn (w) causes chattering around the surface of the state
trajectory. To minimize this, a saturation function
sat(w) = [sat(w;) sat(w,) sat(ws)]T described in
equation (13) as follows to replace the sign function:
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+1 if%>1

wi

sat(w;) = if—1< % <1 (13)

-1 if%<—1

3.2. Stability Analysis of the Proposed Controller

Control scheme (12) must satisfy two requirements:
the controller forces the state trajectories to approach the
sliding surface after entering it (necessary condition), and
the control law pulls the state trajectories on it towards
the equilibrium point (sufficient condition). By choosing
o such that there exists the inverse of the matrix
(I; — aM33 (qQ)M,;(q)), the control law (12) ensures that
all trajectories of the system slide to the surface. However,
trajectories may not always converge to the equilibrium
point when they are on the surface. If the linear surface
(10) and the two accelerations (6) are stable, then stability
on the surface will be established [21].

To show the system stability the following Lyapunov
candidate function is considered:

v=§wT.wzo (14)

Taking the derivative, we obtain:

V=wlw (15)

Substituting the expressions from equations (7), (8),
and (12) into equation (15) and simplifying, we obtain:

V = —wTKsat(w) (16)

Itis clear that V < 0 for all positive definite constants K.
By using the Barbalat's lemma, the values of
Wi w; w3 ]Twilltendto[0 0 0]T.Therefore, the
sliding surface is asymptotically stable, ensuring the
condition for stable convergence of the sliding surface. The
value of a is chosen such that the inverse of the expression
for (I; — aM3;} (Q)M,;(q)) exists. However, stable sliding
surface does not lead to stability of the system's output. By
using equations (8), (11), and (12), we obtain:

o -1 My (@) + C21(q, @) g

4 = ~Mz (@) ( +C;2(q, 9)q; + G,(q) )

ot @ ("%

+ C21(q,9)q;+C2,(q, Q)4
+G2(q)
= —M2; (@)(—M, (M3 (@)M5(q)
(I — aMz} (@M (@)
X ((11- aM33(q)C1(q, )y
+ (M35 (q)C22(q, 4))q-
—aM3; (9)G,(q))
+C31(q, )4, +C22(q, )9, + G2(q))

= —Mz; (q)

(17)
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Alternatively, it can be summarized as follows:
4, =P,(q,9)q, + P,(q,9)q, + P3(q)
where
. _ _ -1
P,(q,q) = (M221M21((1)(I3 - aMzzl(Q)Mn(‘U)
X (- aM3; (@) €21 (q, @) - M2; (q)C1(q, @)
. _ _ -1
P,(q,q) = Mz My, (@) (I3 — aMz7 (Q)M;,(q))
X (M4~ aM3; (@) C22(q, @) - M35 (q)Cz2(q, @)
— _ -1
P;(q) = —(Mz M, (q) (I3 — aM33 (@)My;(q))
x aM;; (@) + M3, (9))G2(q)
Because the controller obtained in equation (12) must
ensure that all state variables of the system reach the
sliding surface w = 0 within a finite time, we consider the

case where trajectories reach the sliding surface w = 0.
Using equation (10) with ;4 = 0, w = 0 we have:

(18)

G; + 11(q1 — q19) + g, + p2q; =0 (19)
Equivalent to:
G: = —11(q1 — q14) — @Q; — H2Q2 (20)
Let's denote the state variables as follows:
x=[X1 Xz X3]T=[q; d; q;—qu]" (21)
Then,
X;=(q; =X (22)
X, = P;(X)%x; + P,(X)x, + P;(x) (23)
X3 = —I1X3 — 0X; — PpXy (24)
Substitute (24) into (23):
Xy = Py (%) (—pX3 — ax, — PyXq)
+P,(x)x; + P3(x)
=-P; (X)p,x; - Py (X)ax; - Py (X)pyx5
+ P, (X)x,+P3(x) (25)
=-P;(X)p2x; + (P2 (X)-P1 (%) o)X,
- P, (X)p1x5 +P5(x)
=h(x)
From (21)-(25) one can write:
X2
X = h(x) = f(x) (26)

—H1X3 — OX; — HpXq
Linearize the system at equilibrium point x = 0 (or
q = qq), We can derive a corresponding linear system as

follows:
X = AX (27)

where:

Vol. 60 - No. 9 (Sep 2024)

022 Ipxz  Ozxs
A_af(X) _ |oh(x) 0h(x) dh(x)
ox | _, 0x, 0x, 0xj
—H —a Iy x=0
O2x2  Izx2  O2x3
= [A2zx Az Ay
R —a -y

After some computational steps, we obtain the
matrices A1, A5, A,z as:

Hi1Mp1 + 8 0
lg — ayq
A, = — A
21 0 Hiolo2 + 8 22
lg — az;
M11021 — H21 0
__ lg —azy
H12022 — Ha2
0 Me72z P22
lg — az;
7\2
1 _1; 0 0
Ay = — d 21 2
12
0
lg — az;

For the system x = Ax to be stable, the linearized
matrix A must be Hurwitz. The characteristic polynomial
of A:

det(sl; — A)
Slz _IZ 02><3
=det|[—Ay; sl —Aj| —Aps
Wz a Ishi+p
sl |
=|sl; + [ z 2 ] -
Isls + | —Ay; sl — Ay

0
2 sty + )t |
—A23

34 (M12lq — K22) §2 (28)
— (g — az2)
(s +213) L8 8i1z
(Ig — az2) (Ig — azz)
(H11lq — H21)
X|[s34+———""2g2
( (Ig — azq)
g gH11
S+
(Ig — az1) (Iq — 0‘21))
= (s +213)P(s).Q(s)
where
1, —
34 (12la — K22) $2
P(s) = (g — az2)
n 8 SH12
(Ig — azz) (Ig — azz)

HaUl Journal of Science and Technology | 107



CONG NGHE

https://jst-haui.vn | P-ISSN 1859-3585 | E-ISSN 2615-9619

(11lg — p21) §2
(g — az1)
g g1
(g — az1) (lg — az1)

The sufficient condition for stabilizing the sliding
surface is that the functions P(s) and Q(s) must be
Hurwitz. Then,

a1 < (la = Diag; oz < (lg — Diya; g <
lg; az <lg (29)

Comment 2: Since the system (27) is asymptotically
stable, x converges to 0. Therefore, from (21), q,
converges to q,4 , and q,, g, converge to 0. Additionally,
from equation (20), it is observed that ¢; converges to 0.
Thus, the necessary condition has been satisfied, and the
control law (12) ensures that the system states reach the
sliding surface w = 0. The constraints given in equation
(28) are sufficient conditions for q4, ¢, q, va g, to reach
the desired values.

s3+
Q(s) =
+

4, SIMULATION RESULTS
The parameters of the tower crane model and the
controller are provided as follows:

Xo = 0.5m, y, = Orad, 1, = 0.5m, m; = 8kg, m. = 2kg,
g = 98m/s? ]=68kgm? p; =05 1y, =0.5,
i3 = 0.5, pyg = =3, Uy, = —=3,03; =0.12, a5, = 0.12,
K; = 20, K, = 30, K5 = 20. To demonstrate the stability
and robustness advantages of the controller, the system
response is simulated for two cases. First case: In the
initial 20 seconds, the trolley is controlled to move 2
meters, and the crane is controlled to rotate to 0.7
radians. In the subsequent 20 seconds, the setpoint for
the trolley is changed to 3 meters, and the setpoint for the
crane rotation is changed to 0.5 radians. In the first 30
seconds, the cable length is continuously changed to 4
meters and then kept constant for the last 10 seconds.
Second case: The payload mass m.. is increased to 200%
(m. = 3kg), while keeping all other system parameters
the same as in the first case. Through the simulation
results, it can be observed that:

In case 1: As depicted in Fig. 2(a), under the influence
of the proposed controller, the trolley, crane, and cable
length can closely track the reference trajectories and
achieve the desired positions accurately, while effectively
attenuating load oscillations. The stability of the system s
also verified when simultaneously changing the setpoints
of all three movements. Specific results:

= In the first 20 seconds, the responses of the trolley
and crane rotation achieve their desired values att = 5.7s,
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t = 6.8s, respectively; the cable length response closely
follows the setpoint signal. The angles 6;, 6, converge to
0 radians at t = 6s and 8s, respectively, with the peak
amplitudes of the maximum angle of 6, is 0.146 radians
and 0, is 0.045 radians.

® In the next 20 seconds, when the oscillations of all
three movements converge, the responses of the trolley
and crane rotation achieve their desired values at t = 5.9s
and t = 7.1s, respectively; the cable length response
closely follows the setpoint signal. The angles 64, 6,
converge to 0 radians at t = 8s and t = 8.2s, respectively,
with the peak amplitudes of 8, is 0.054 radians and of 0,
is 0.021 radians.

With this controller, the control variables follow the
reference trajectory accurately and achieve the desired
position, minimizing load fluctuations. Additionally, the
system's stability is demonstrated when all three
movements are changed simultaneously. From this, it can
be concluded that the controller demonstrates good
stability capabilities.
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Fig. 2. Simulation results (a) payload mass m. = 2kg (b) payload mass
m, =4kg

In case 2: In practical applications, the effectiveness of
a controller not only relies on its stability but also its
robustness in handling parameter uncertainties, such as
uncertain payload mass. To evaluate the robustness of
the system, a simulation was conducted to examine the
system's response when the payload mass is increased by
50% and 100% compared to the original payload. When
the payload mass is increased by 50% (m. = 3kg), the
system response is almost the same with the case of
original payload. This shows the robustness of the SMC
controller. When the payload mass is increased by 100%
(mc=4kg), as shown in Fig. 2b, there are some differences
with the case of original payload. The system is still stable,
however, the performance is decreased significantly. The
payload swing angle increases and the position tracking
of cable length is reduced. It means that the system
exhibits a satisfactory level of robustness against
parameter variations in a limited range. When the
payload mass is increased to m. = 5kg, the system
becomes unstable. Thus, the adaptation of system
parameters should be considered carefully.

Comment 3: The simulation parameters are chosen
from the experimental tower crane that has been
building in the author’s laboratory. The controller
parameters are selected by trial and error method to
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obtain good tracking, less payload vibration, no
overshoot, and the control input is in the range from -30N
to 30N for translation motion and -30Nm to 30Nm for
rotation motion. The simulation results demonstrate that
the tower crane system with the proposed controller
performs well with uncertain parameters and unknown
variations to some extent. Currently, we are unable to
conduct hardware experiments due to testing
constraints. In future work, we will continue to deploy
hardware experiments to further verify the robustness of
the proposed controller.

5. CONCLUSION

The paper presents a sliding mode controller for an
under-actuated 5-degree-of-freedom tower crane with
varying rope lengths. The system has been proven to be
stable with the proposed controller. The position tracking
for the trolley and rope length are achieved. Moreover,
the variant frequency vibration of the payload is
suppressed. The simulation also shows the robustness
and effectiveness of the proposed controller.

In the future, developing improved controllers will be
an important research direction in the presence of
uncertain disturbances. Improving the efficiency of the
algorithm and further minimizing transport time and
energy consumption of the system will be considered.
Additionally, the influence of uncertainty and
disturbances on the system will also be considered to
further enhance the system's robustness.
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