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Abstract: In this paper, a non-singular terminal sliding mode control method based on parameter 

adaptation is proposed for trajectory tracking control of overhead cranes with parameter uncertainties. 

The method can realize fast tracking of the planned overhead crane trajectory when the payload mass 

and the length of the suspension rope are unknown. At the same time, the hyperbolic tangent function is 

used to replace the switching term in the sliding mode control, which improves the robustness of the 

control method to external disturbances to suppress the charting during the crane operation. Using 

Lyapunov theorem, it is proved that the displacement trajectory can converge to the target trajectory in 

a finite time. The effectiveness of the proposed control scheme is verified by platform experiments. 
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1. Introduction 

As a heavy machinery frequently used in infrastructure, freight and industrial production, the main 

task of overhead crane is to safely and stably transfer the payload to the target position within a period 

of time, but due to its underactuated characteristic, it is difficult to be used in the actual production 

process[1-3]. At present, the overhead crane still adopts the manual operation mode, but the manual 

operation is limited by the operator's experience and attention, which is prone to safety accidents. 

Therefore, it is of great significance to realize the automation of the overhead crane handling process. 

At present, scholars at home and abroad have also proposed a variety of positioning control methods 

for overhead suspension systems, but they are all limited by known system parameters, which also limit 

the application of existing methods in practical systems. 

In the past few years, various advanced control methods such as: sliding mode control (SMC) [4], 

neural network control[5] and observer-based feedback control[6] have been proposed by researchers 

to achieve precise position control. Among these control methods, sliding mode control has received 

considerable attention for its superior robustness and simplicity of design. The traditional sliding mode 

control method has been applied in the positioning control of the overhead crane due to its advantages 

of simple design and strong anti-interference ability, but it also has the problem of slow tracking 

convergence[7]. Terminal Sliding Mode Control (TSMC) is an improvement on traditional sliding 

mode, which can achieve finite-time stabilization of overhead crane systems[8], but there are 

discontinuous terms in the sliding mode control signal, which can lead to chattering and chattering. 

There are non-singular phenomena. 

Based on the above discussion, this paper aims to study a control method that can quickly and 

accurately complete the positioning even when the model parameters are unknown, while avoiding the 

occurrence of non-singular phenomena and reducing system chattering. 

2. Modeling of 2-D Overhead Crane System 

In this paper, the two-dimensional(2D) overhead crane system is shown in Figure1. X and θ are the 

horizontal displacement of the trolley and the swing angle of the payload, respectively, which are 

regarded as the states and the outputs of the system. L is the length of the rope, M and m are the mass 

of the trolley and payload respectively, f is the rail friction and Fr is the actuator force.  

http://kzyjc.alljournals.cn/kzyjc/article/search?jid=kzyjc&field=en_key_word&key=Nonsingular%20fast%20terminal%20sliding%20mode%20control
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Fig. 1: 2-D diagrammatic of an overhead crane 

By assuming that the payload has a point mass, and the rope has no mass and elasticity, with air 

resistance being ignored, the nonlinear crane dynamics with constant rope length can be depicted as 

follows [9]: 

(𝑀 + 𝑚)𝑥̈ + 𝑚𝐿𝜃̈ 𝑐𝑜𝑠 𝜃 − 𝑚𝐿𝜃̇2 𝑠𝑖𝑛 𝜃 = 𝐹                      (1) 

𝑚𝐿2𝜃̈ + 𝑚𝐿𝑥̈ 𝑐𝑜𝑠 𝜃 + 𝑚𝑔𝐿 𝑠𝑖𝑛 𝜃 = 0                         (2) 

Where g is gravity constant, F = Fr − f is the control input to be designed. The form of f is given 

by[10]: 

𝑓(𝑑̇) = 𝑓𝑟0𝑡𝑎𝑛ℎ(
𝑑̇

𝜉𝑟
) − 𝑘𝑟|𝑑̇|𝑑̇                            (3) 

Where 𝑓𝑟0 , 𝑘𝑟 ∈ ℝ are friction-related parameters and 𝜉𝑟 ∈ ℝ is a static friction coefficient, 

which can be obtained from offline experimental data analysis. During the overall process, the payload 

is always beneath the trolley, namely −π/2 < θ(t) < π/2. 

3. Adaptive Tracking Controller Design 

As mentioned above, most of the existing overhead crane positioning control methods require 

accurate model parameter information. However, in many cases, it is difficult to measure the exact 

value of the actual payload mass and rope length of an overhead crane system. For this reason, this 

paper proposes an adaptive non-singular terminal sliding mode control method, which can accomplish 

the above tasks when the model parameters are unknown, while improving the convergence of the 

system, and does not require linearization of the model.  

3.1 S Curve Trajectory 

According to operation experience, it is known that to achieve a superior performance, the desired 

trajectory should be a S curve. The desired trajectory 𝑥𝑑𝑥(𝑡) ∈ ℝ1 takes a limit of a positive constant 

𝑝𝑑𝑥 ∈ ℝ+: 

𝑙𝑖𝑚
𝑡→∞

𝑥𝑑𝑥(𝑡) = 𝑝𝑑𝑥                               (4) 

Where 𝑝𝑑𝑥 denotes the desired position. 

In this paper, we choose the S curve trajectory in[11] as the positioning reference trajectory, and its 

expression is as follows: 

𝑥𝑑𝑥(𝑡) =
𝑝𝑑𝑥

2
+

𝑘1
2

4𝑘2
𝑙𝑛 [

𝑐𝑜𝑠ℎ(2𝑘2𝑡/𝑘1−𝜀)

𝑐𝑜𝑠ℎ(2𝑘2𝑡/𝑘1−𝜀−2𝑘2𝑝𝑑𝑥/𝑘1
2)

]                  (5) 

3.2 Adaptive Tracking Controller Design 

Recently，a series of adaptive control methods have been reported to address overhead crane. In this 

paper, an adaptive non-singular terminal sliding mode control method is proposed, which is described 
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as follows. 

First of all, it is clear that the control goal of the system is to make the trolley quickly and 

accurately track the planned trajectory to the target position, namely: 

𝑥(𝑡) → 𝑥𝑑𝑥(𝑡)                                 (6) 

According to equations (6), the positioning error of the payload is defined as follows e(t): 

𝑒(𝑡) = 𝑥1 − 𝑥𝑑𝑥(𝑡)                               (7) 

The sliding surface of the non-singular terminal sliding mode is designed as follows: 

𝑆 = 𝑒 +
1

𝛽
𝑒̇

𝑝

𝑞                                 (8) 

Where, 𝛽 > 0, 𝑝 > 𝑞, p and q are positive odd。 

Then we designed Lyapunov function as follow: 

𝑉𝑠 =
1

2
𝑔(𝜃)𝑆2 +

1

2𝑟1
(𝜙1 − 𝜙1̂)2 +

1

2𝑟2
(𝜙2 − 𝜙2̂)2                  (9) 

Which 𝑔(𝜃) = 𝑀 + 𝑚 ∙ 𝑠𝑖𝑛2𝜃, 𝜙1̂ , 𝜙2̂ are the estimates of 𝑚, 𝑚 ∗ 𝐿, respectively. 

According to the above equations, we design an adaptive tracking controller as follows: 

𝐹 =
𝑞𝛽

𝑝𝑆
𝑒̇

1−
𝑝

𝑞 [−𝑀𝑆𝑒̇ − 𝜙1̂(𝜃̇𝑆2 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃 + 𝑆𝑒̇ 𝑠𝑖𝑛2 𝜃 +
𝑝𝑆

𝑞𝛽
𝑒̇

𝑝

𝑞
−1

𝑔 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃) −

𝜙2̂
𝑝𝑆

𝑞𝛽
𝑒̇

𝑝

𝑞
−1

𝜃̇2 𝑠𝑖𝑛 𝜃 + 𝑓] − 𝜂 ∙ 𝑡𝑎𝑛ℎ(𝑆)       (10) 

Where 𝜂 ∈ ℝ+ are positive gain, 𝑡𝑎𝑛ℎ(∗) is the hyperbolic tangent function, then 𝜙1̂ , 𝜙2̂ are 

generated by the following update law: 

{
𝜙1̂

̇ = 𝑟1(𝜃̇𝑆2 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃 + 𝑆𝑒̇ 𝑠𝑖𝑛2 𝜃 +
𝑝𝑆

𝑞𝛽
𝑒̇

𝑝

𝑞
−1

𝑔 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃)

𝜙2̂
̇ = 𝑟2(

𝑝𝑆

𝑞𝛽
𝑒̇

𝑝

𝑞
−1

𝜃̇2 𝑠𝑖𝑛 𝜃)
            (11) 

Where r1, r2 ∈ ℝ+ are positive gains. 

Under the action of the control rate F and the adaptive rate, the trolley of the overhead crane system 

can achieve precise positioning in finite time. Next, the corresponding analysis is given to the above 

conclusions by means of proof. 

3.3 Stability analysis 

The controller given in (10) and adaptive law in (11) ensures that the position/velocity of the trolley 

tracks the desired trajectory/velocity asymptotically fast in the sense that: 

𝑙𝑖𝑚
𝑡→∞

(𝑥(𝑡) 𝑥̇(𝑡))𝑇 = (𝑥𝑑𝑥(𝑡) 𝑥̇𝑑𝑥(𝑡))𝑇                      (12) 

First, bring Equation (2) into Equation (1), the second derivative of the swing angle can be 

expressed as: 

𝜃̈ =
−𝑥̈𝑐𝑜𝑠𝜃−𝑔𝑠𝑖𝑛𝜃

𝐿
                               (13) 

Bringing Equation (13) into Equation (1), the following differential equations can be obtained: 

(𝑀 + 𝑚)𝑥̈ − 𝑚𝑔 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃 − 𝑚𝑥̈ 𝑐𝑜𝑠2 𝜃 − 𝑚𝐿𝜃̇2 ∙ 𝑠𝑖𝑛𝜃 = 𝐹             (14) 

According to formula (14), the system state space equation can be obtained: 

{
𝑥̇1 = 𝑥2

𝑥̇2𝑔(𝜃) = 𝑚𝐿𝜃̇2 ∙ 𝑠𝑖𝑛𝜃 + 𝑚𝑔 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃 + 𝐹 − 𝑑𝑡
                 (15) 

where 𝑑𝑡 is the disturbance to the system and 𝑑𝑡 ≤ 𝐷. 

Let Lyapunov function 𝑉1 as follow: 
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𝑉1 =
1

2
𝑔(𝜃)𝑆2                               (16) 

The derivative of Lyapunov function 𝑉1 with time is: 

𝑉̇1 =
1

2
𝑔̇(𝜃)𝑆2 + 𝑔(𝜃)𝑆𝑆̇ = 𝑚𝑠2𝜃̇𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃 + 𝑔(𝜃)𝑆𝑒̇ +

𝑝𝑆

𝑞𝛽
𝑒̇

𝑝

𝑞
−1

(𝑚𝐿𝜃̇2 ∙ 𝑠𝑖𝑛𝜃 +

𝑚𝑔 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃 + 𝐹 − 𝑑𝑡)                         (17) 

Taking equation (10) into equation (17), and simplifying, we can get: 

𝑉̇1 = 𝑒̇(𝑀 + 𝜙1𝑠𝑖𝑛2𝜃) (𝑒 +
1

𝛽
𝑒̇

𝑝

𝑞) +
𝑝𝑆

𝑞𝛽
𝑒̇

𝑝

𝑞
−1

(𝑚𝐿𝜃̇2 ∙ 𝑠𝑖𝑛𝜃 + 𝑚𝑔 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃 + 𝐹 − 𝑑𝑡) + 𝜙1𝑆2𝜃̇ ∙ 𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃      

(18) 

According to the formula (18), the control law (10) can be obtained. 

The Lyapunov function is designed as in Eq. (10). The derivative of the Lyapunov function with 

respect to time is as follows: 

𝑉̇ = 𝑉̇1 −
1

𝑟1
(𝜙1 − 𝜙1̂) ∙ 𝜙1̂

̇ −
1

𝑟2
(𝜙2 − 𝜙2̂) ∙ 𝜙2̂

̇                   (19) 

The adaptive law is designed as in Equation (11), using the designed adaptive law and control law 

the Equation (19) can be written as: 

𝑉̇ = (−𝜂𝑆 ∙ 𝑡𝑎𝑛ℎ(𝑆) − 𝑆 ∙ 𝑑𝑡)
𝑝

𝑞𝛽
𝑒̇

𝑝

𝑞
−1

                     (20) 

When state variables error 𝑒̇ ≠ 0, it gives 
𝑝

𝑞𝛽
𝑒̇

𝑝

𝑞
−1

> 0, then we obtain 𝑉̇ < 0; 

When state variables error 𝑒̇ = 0, we obtain 𝑉̇ = 0; 

Therefore, according to the Lyapunov stability principle, the system is asymptotically stable。 

Through the design of the adaptive controller in this section, it can be found that the control method 

can achieve the task of accurate positioning of the overhead crane in a limited time without linearizing 

the system model. 

4. Experimental Results 

Fig.2 shows the experimental test setup, it consists of four primary components of a mechanical 

system, drivers, measurement sensors, and a kernel control system.  

Trolley Servo 
Motor

Planetary 
Reducer

Synchro-
pulley

Track 
Module

Trolley 
Track 

Module

Control 
Cabinet

Host 
Computer

 

Fig. 2: Experimental test setup 

The adaptive non-singular terminal sliding mode control method proposed in this paper is simulated 

by MATLAB/Simulink R2017a. The trajectory reference is as equation (5). To demonstrate the 

adaptive ability of the proposed method, three different combinations of payload mass and rope length 

are set respectively, and different s curve trajectory parameters are used for experiments, as shown in 

Figure 3-5: 
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① 𝐿 = 1.5𝑚, 𝑚 = 2𝑘𝑔, 𝑝𝑑𝑥 = 2, 𝑘1 = 0.5, 𝑘2 = 0.2, 𝜀 = 3; 

 

 

 

Fig. 3: Results of experiment 1 

②𝐿 = 1𝑚, 𝑚 = 1𝑘𝑔, 𝑝𝑑𝑥 = 2, 𝑘1 = 1, 𝑘2 = 0.5, 𝜀 = 2; 

 

 

 

Fig. 4: Results of experiment 2 
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③𝐿 = 1.8𝑚, 𝑚 = 5𝑘𝑔, 𝑝𝑑𝑥 = 2, 𝑘1 = 1.5, 𝑘2 = 0.7, 𝜀 = 4; 

 

 

 

Fig. 5: Results of experiment 3 

By comparing the above three experiment, tracking three s curve trajectories with different payload 

masses and rope length, the following conclusions can be easily found: 

1) Using the control method proposed in this paper, the control performance is not significantly 

reduced due to the change of system parameters; 

2) With the change of system parameters, neither the gains of the controller nor the adaptive law 

need to be adjusted, which also shows that the algorithm has strong robustness; 

3) The method proposed in this paper uses the hyperbolic tangent function as the switching item in 

the sliding mode control, which significantly improves the system chattering phenomenon, thus 

ensuring the safety and reliability of the method in practical use. 

5. Conclusion 

In this paper, an adaptive control strategy based on non-singular terminal sliding mode is proposed 

for underactuated overhead crane systems. This method designs an adaptive control strategy that does 

not require system model parameters, which greatly improves the scope of application of the method. 

By combining the non-singular terminal sliding mode technology, the system state has a faster 

convergence rate. As described in the previous section，these merits bring much convenience for the 

application of the designed control method in practical overhead cranes and the algorithm design 

process is relatively simple, easy to promote. Thus, has a strong practical application value. 
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