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ABSTRACT

This study proposes a second order sliding mode controller (SO-SMC) based on an extended
state observer for a 3D crane system with a double pendulum effect and constant rope length. A
second order sliding mode controller requires an accurate model of the system's parameters.
However, in practice, model parameters and external disturbances are difficult to determine in
detail. Therefore, the extended state observer is designed to estimate the system state variables
and the total disturbance. Finally, a sliding mode controller is developed with the signals taken
from the observer. The controller ensures stability according to Lyapunov function. Simulation
results show that the proposed method ensures that the trolleys reach the desired trajectory while
minimizing vibration even in the presence of disturbances and uncertain components.
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1. INTRODUCTION

Cranes are commonly used for transporting goods in industrial factories. Despite their many
advantages, controlling crane movement remains a challenge for researchers. The crane system is
an underactuated system, the dynamic model exhibits significant nonlinearity and is highly
susceptible to external disturbances. The control objective is to move the load quickly to the
desired position while minimizing the swing angle.

In practice, to control tracking grip and anti-oscillation, the proportional derivative (PD)
controller is widely used due to the advantage of these approaches is convenience. However, these
methods do not ensure rise-time, overshoot, settling time, and steady-state error of the position and
anti-swing regulations. Therefore, based on the particle swarm optimization (PSO) algorithm or
simulated annealing (SA), several proportional integral derivative (PID) control methods have
been proposed [1]. For open-loop control methods, the commonly used approach is input shaping.
Using this method [2], the input shaper is designed based on a complete nonlinear model which
can reduce load swings better. In recent years, the sliding mode control (SMC) method [3] has
been widely used in practice due to its advantages such as simplicity and efficiency.

In the practical operation of overhead cranes, many physical quantities cannot be directly
measured, such as the state parameters and external disturbances. Therefore, other control methods
are combined, such as fuzzy control method [4], neuron network [5]. Besides, the control
algorithms based on the disturbance approximation observers have been studied and verified on
cranes. For instance, high gain observer was proposed in [6] can well suppress the disturbance,
with good control effect.

This study proposes a second order sliding mode controller based on extended state observer
(ESO) to control the trolley to follow the desired trajectory and suppress payload oscillation, while
also estimating certain system state variables and disturbance. The contribution of the study can
be summarized as follows: (1) The ESO is designed to estimate certain system state variables and
external disturbances. (2) The second order sliding mode controller is designed to ensure that the
trolley follows the desired trajectory, and the payload is lifted with minimal oscillation.
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2. PROBLEM
2.1. Dynamic model

The 3D crane system includes a double
pendulum and a moving trolley as described in
figure 1: x,y denotes the position of the

trolley; 6,, 6,, 6,, 6, represent the swing
angles of the hook and the payload along the x
andy axes, respectively; M, is the mass of the

trolley, and M, is the sum of the mass of the y g . \_‘:;,
trolley and the bridge;m, and m, are the 4 g
masses of the hook and payload; I, is the
length of the cable and |, is the distance from
the hook to the payload. The driving forces
along the x axis and the y axis are F,,F; Figure 1. System dynamic model.
t=[F,,F,,0,0,0,0] is the force vector, with a
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state vector q=[x,Y,6,,6,,6,,6,]' . F, and F, represent the axial friction force along x,y axis.
The dynamic equation of the system is represented in matrix form similar to [7] as follows:

M(a)d +B(a,a)g +C(q,a)g +G(a) + W =1 1)
where M(q) € R*®is the mass matrix, B(q,¢]) e R>® denotes vector friction, C(g,d) € R*® is the
inertial matrix, G(q) e R®* is the vector gravity and W e R*is the external disturbance.

2.2. Extended state observer

In practice, controlling the crane system requires attention to disturbances affecting the system
and the measurement of state variables, such as the velocity of swing angles. Therefore, the
extended state observer (ESO) is designed to address all existing problems.

The state variables of the observer are defined as: x; =q; x, = 2
From equation (1), the system dynamic equation can be rewritten in the state space:
{)‘(l =X, )
X, =M (q)r-M™(@)(B(q, 9 + C(q,§)q + G(q) + W)
Set f (g,d,t) =—M™(q)(B(d,q)q+C(q,q)q +G(q)) denotes the system’s nonlinear parts;

o,(q,q,t) = —M'l(q)W is the disturbance affecting the systemand h, (g,q,t) =f,(g,9,t) + ®,(q,q,t)
is a total disturbance.

X, =X,
Equation (3) of the system can be rewritten as: { X, = x, + M*(q)r 4)
X5 =8(1)

where x, =h (q,q,t) is the subsidiary state variable, J(t) is the derivative of h (q,q,t). The
state variables x, (i =1—3) are estimated by X, and the estimation errors are e, = x; - X;. In this

study, the linear extended state observer (LESO) is designed based on the following linear
function as follows:
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PN /' .
X1_X2+_1(X1'X1)
O
P /) .
Xy =X +_§(X1 -X,)+u, (5)
o
B .
Xy =5 (X, - X,)
o

where o is a small positive constant; u,_=M™(qg)t is the force, torque applied on the system.

of, of, of . - "
—X X —X gre vectors and matrices containing parameters, position,
OX, OX,

velocity and acceleration of the crane system. These quantities and the actuator torque/force are

limited. Therefore, there exist positive constants k1., p,,,b,,b,,b;,u, such that:

of, of,

aXl ax2
Assumption 1. The external disturbance @, is continuous and differentiable for its variables.

Therefore, o, and its derivative &, are bounded, which mean o, |<®, and |@,[ <®, with

Remark 1. Since f_,

. of
bl <Kol < il < oy [0 <ty | el <b, [Tl < fu <y,
ot

®, and ®, are positive constants.

Theorem 1. Consider the crane system in (4) and LESO in (5). According to Remark 1 and
Assumption 1: The estimation states will converge to the real states when t—o, mean

lim|x; —%;|=0with i =1-3, if the coefficient 3,, ,, B, are chosen to make matrix

t—o
-5 10
E=|-4, 0 1|aHurwitzmatrixand o is a small positive constant.
~f; 00
Theorem 1 is proved similarly in [8].

il=i3+%(xl'il)

Reference R S

Trajectory SO-SMC l - ; AR q=[+..6.0,.0,.0,]
LB .

QG q, [ KO-M@G, 25, Sl
ad uda S
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2 t,=[F,.F,]

Figure 2. Closed-loop control system diagram.
2.3. Second order sliding mode controller based on ESO
The overhead crane system under consideration is a system lacking an actuator mechanism.

The state variables are divided into two subsystems: actuated states q, = [x, y]T and unactuated

states q, = [01, 0,.0,,0, ]T . The dynamic equation of the system (1) is rewritten into two equations

according to g, and q, as follows:
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{Mll(q)qa +My, (@), +By(0,9)d, +C,(9,0)q, +C,(9,9)q, +G, () + W, =7, ©)

M, (@8, +M,,(@)d, + B, (9,9)d, +C5(a,G)d, +C(a,9)d, +G,(q) + W, =0
From the two equations in (6), the actuated dynamics equation is derived and defined as:
M(a)d, +C,(a.6)a, +C,(a,a)4, +G(@) + W, =, (7)
where: M(9) = My, (@) — M, (@)M,(@)M, (@) ;
C,(0,4) =B.,(a,9) + C,4(a,4) - M1, (@)M3,(4)C., (0,4)
C,(9,9) =B,,(a,) + C,(9,6) ~ My, (M3, (9)C, (0, 8);
G(a) = G,(0) ~ My, (@)M5(9)G,(a); W, = Wi, — My, ()M (@)W,

Define Oy =[X,,Ya] ad Gy =[6y: 6560 ] =[0,0,0,0] are desired positions and
swing angles of the system. State variables q,,q, are estimated by X, = [21(1),21(2)]T :
L, =[21(3),21(4),21(5),21(6)]T . The total disturbance is estimated by %, =[23(1),23(2)]T :

The sliding surface is defined as follows: s =4, +8q, +vq, (8)
where §, =0, — 0o =[X—X,, ¥~ Y] and @, =q, — Gy, =[6.6,.6,,6,] are the errors from the
71070
0707
The sliding surface is based on the observer, state variables X, and X, are defined as:

desired values; & =diag(s,,0,) and y ={ } are the design parameters.

8= (X, ~Uag) +8(R, Qo) +Y(R, ~ Q) =€, ~Be, —7e, +5 ©)
where e, =q, —%, =[e,(1),&,(2)] and e, =q, — %, =[&,(3).&,(4),&,(5),&,(6)] .
The second order sliding mode controller based on the ESO is proposed as follows:
7, = —Ksign(8) —M(q) s, + 254, —{j,, +'84, +vd, + 754, ) (10)
with §, =X, —q,, and §, =X, —q,, are the errors between the observed and set values.

To reduce chattering, sign(S) function should be replaced by a saturation function, as follows:

A 1 if[§/p|>1 o _
sat(S) =1 . o , constant p indicates the thickness of the boundary layer.
§/p ,if [§/p|<1
_ 1
The Lyapunov function is chosen as: V = ESTS (11)

The derivative of the Lyapunov function with respect to time t is as follows:
V =—s"M™(q)Ksat(-¢, —de, —ye, +s)+s' (—ds+&, +20¢, +yé, +8%, +oye,) (12
According to Theorem 1, the observation errors will converge to zero, meaning that |ei (t)| —0.
Therefore, (12) can be rewritten as: V ~—s' M™(g)Ksat(s) —s' s (13)

Since M is a positive definite symmetric matrix and its inverse, and K is a diagonal matrix
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with positive coefficients, it follows that V <0. Thus, according to Barbalat's lemma: limV =0,

t—oo

which lead to lims =0. Therefore, the sliding surface is asymptotically stable. In practice, under

t—oo

the influence of gravity, the rotational angles &,,6,,6;,6, will converge to zero, or errors ¢, = 0.

Therefore, da +0q, — 0, which mean g, — 0 and the controller helps the system to track the
reference trajectories.

3. SIMULATION AND RESULT

In this section, several simulations are conducted to evaluate the results of the proposed control
method. The design parameters include: M, =6.1kg, M, =15.6kg, m =2kg, m, =0.6kg,
,=05m, 1,=04m, g¢=98m/s’ K=diag(L1), F,=F,=0.1Nm/s,s=diag(33),

-05 0 -05 0
Y:[o 05 0 -05

B, =120xdiag(L11%12), 0=0.08 and p=0.001. Simulation was conducted using

MATLAB/Simulink software. Figure 3 shows that the trolley's motion trajectory along the Xand
y axes closely follows the desired trajectory, which is a fifth-degree polynomial function moving

from the initial position [0,0]to [2,3] m. The control signals remain within a moderate range

throughout the motion. The swing angles of the hook and payload are very small, not exceeding
0.1 rad, indicating that the payload is lifted with minimal oscillation. Additionally, figure 3 also
illustrates the actual total disturbance components of the system. Figure 4 shows the errors of the
state variables, with the Xand y deviation errors converging to zero in about 2 seconds, while

those of the swing angles require approximately 25 seconds. Figure 5 shows the velocity errors,
where the Xand Yy velocity deviations also converge to zero within 2 seconds, and the swing angle

velocity errors require approximately 30 seconds. Figure 6 illustrates the total disturbance errors,
which approach zero in roughly 30 seconds.

}, f5, = diag(40;40;40;40;40;16), 3, = diag(20;20;20;20;20;20),
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Figure 3. Control of trajectory tracking along the X, y axes; input control signals F

. F, 5 swing
angles of hook, payload and total disturbance.
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Figure 4. Observer errors of state variables.
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Figure 5. Observer errors of variables’ velocities.
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Figure 6. Observer errors of total disturbance.
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4. CONCLUSIONS

This study proposes a second order sliding mode control method based on an extended state
observer (ESO) for a 3D crane system. In this controller, the state variables and total disturbance
are estimated by the linear extended state observer (LESO). The second order sliding mode
controller is designed to ensure that the trolley follows the desired trajectory, and the load is lifted
with minimal oscillation. The controller is guaranteed to be stable in a closed loop and its
performance is validated through simulation results.
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TOM TAT

Piéu khién ché dd truot bac hai két hop bd quan sat
trang thai mé rong cho hé thong cau truc con liac kép

Nghién ciru nay tap trung thiét ké bé diéu khién trueot bac hai dya trén bé quan sdt trang
thai mo rong cho hé théng cau truc 3D voi hiéu ing con lic kép va chiéu dai day khéng doi.
Bo diéu khién trugt bdc hai yéu cau mé hinh trang thdi cua hé thong chinh xac, tuy nhién,
trong thuec té théng s6 mé hinh va nhiéu tac dong bén ngoadi kho c6 thé xdac dinh cu thé. Vi
vdy, bo quan sat trang thdi mo rong duoc thiét ké dé woc lwong cac bién trang thdi cua h¢
thong va nhiéu tong. Cudi cing, bé diéu khlen trieot dwoc phdt trién voi dau vao duwoc ldy
tr cac tin hiéu cua bg quan sat dam bao tinh 6 on dinh theo tiéu chuan Lyapunov. Cdc két qua
mo phong cho thdy phuong phap dé xudt dam bdo cau truc vin hanh theo quy dao mong
muon va dong thoi han ché dwoe hién twong rung lic ngay cd khi c6 sw xudt hién ciia nhiéu
va cdc thanh phan bdt dinh.

Tir khoa: Cau truc 3D véi hiéu ung con lic kép va chiéu dai day khong ddi; Bo diéu khién truot béc hai; Bd quan sat
trang thai mo rong.
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