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ABSTRACT: 

The objective of this paper is to propose a method to control a two-link planar manipulator using a sliding mode 

controller with higher order sliding surface. Earlier approaches of varying sliding surface are time dependent and this 
may not yield optimal performance as the rotating surface does not depend on the dynamic states of the system. In this 

paper, the proposed control law alters the sliding surface based on the error states to drive the trajectory approaching 

the sliding phase quicker. A new sliding manifold is established and tuned until error decreases to zero. Stability is 

ensured through Lyapunov theorem and the trajectory is driven towards a designed sliding surface. The performance of 

the proposed controller is evaluated and compared against the conventional sliding mode controller as well as the 

previous approach of rotating sliding surface controller. Results showed that the proposed controller improved the 

respond speed and shortened the reaching phase. Although the chattering phenomenon remains, it enhanced the 

flexibility to adapt to the variation of system settings (e.g. torque limit). 
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1. Introduction 

During the last few decades, the development of sliding 

mode control (SMC) has advanced rapidly in the field of 

automation. It has been recognized as a robust and 

reliable solution for many nonlinear dynamical systems. 

It follows the basic principle of variable structure control 

system (VSS) by which the control algorithm is a 

discontinuous function of system states through proper 

switching logic [1]. Due to the presence of nonlinearity 

in those highly complicated machines, linear control 

methods have their limitation in achieving accurate 
motion control. Thus, as a nonlinear discontinuous 

switching control system, SMC possess an advantage in 

controlling these highly complicated motions [2]. The 

primary motivation of developing SMC is that it 

eliminates the effects of the disturbance and uncertainty 

parameters during the sliding phase [3-4]. In this phase, 

control signal switches rapidly to neutralize the 

disturbance effect. Although, SMC has high capability in 

overcoming the disturbance effect during the sliding 

phase, the system motion may be distorted during the 

reaching phase. Therefore, many variants of SMC are 
proposed to improve its performance through shortening 

the reaching phase by altering the sliding surface [5-6]. 

Although the reaching phase is sharply reduced by 

moving linear sliding surface, it trades off the dwelling 

time to the sensitivity of disturbance [7].  

Nonlinear sliding surfaces such as higher order 

sliding surface and PID sliding surface, are suitable 

candidates to replace the linear sliding surface for 

enhancing the system performance [8-10]. However, 

they impose complexity to determine a stable control 

algorithm and merely one parameter is allowed to be 

tuned for some higher order SMCs [11]. SMC has some 

disadvantages too, noticeably the chattering effect as a 

result of high frequency oscillations of control outputs, 

partly due to hysteresis and signal delaying. It might 

degrade the precision electronic device because of the 

high vibration frequency. The chattering issue could be 
overcome by changing the control law of SMC or 

frequently tuning the gain of SMC. For example, super-

twisting SMC and fuzzy SMC are proposed to adjust the 

control gain so as to reduce the chattering effect [12-14]. 

However, it is required to predefine the initial states of 

the control input to ensure the system performance 

fulfilling certain criteria such as settle time and stability. 

This project aims to propose a sliding surface design 

as an attempt to improve the system performance. The 

structure of sliding surface is tuned by the difference 

between the actual value and desired value. Due to less 
variances of system model, the flexibility of the control 

setting is enhanced in the proposed SMC. Furthermore, 

the stability of the proposed SMC (named as SMC-H, 

see Section 2) is ensured through the Lyapunov stability 

theorem. As a case study, the controller will be applied 

in the control of two link planar robotic manipulator. Its 

performance will be compared with the conventional 

SMC (SMC-C) and time-varying SMC (SMC-T) [15] in 

terms of settling time, reaching phase and torque output. 
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2. Theory 

SMC has good disturbance rejection capability because 

the discontinuous state function is activated as the 

trajectory converges to the sliding surface. Sliding 

surface is a designed path to guide the trajectory towards 

the desired state variable. As the sliding surface is near 

to the initial conditions, the duration of reaching phase 

will be reduced. Thus, sliding surface directly influences 

to the system performance. The sliding surface Eqn. for 

second order system, S is  

)()(),( tcetetxS       (1) 

Where x is the state variable, c is the slope of the linear 

function and it is a positive value, e(t) the feedback error 

and )(te is the rate of change of feedback error. Control 

law is another important design process of SMC. It 

contains the sign function and relies on the feedback 

loop to force the trajectory slides along the sliding 

surface. However, to design a suitable control law, 

Lyapunov stability theorem is required. The control law 

of SMC is given by, 
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where   is the gain of control system. Lyapunov stability 

theorem is adopted to assure the direction of trajectory 

driven by control law. The stability condition is given as, 

),(),( txsntxSSV       (3) 

To ensure the trajectory will converge towards the 

sliding surface in a finite time (S = 0 when T),   
should be a positive real number. The control input is 

determined by the Lyapunov function [15], 
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Where f(t) is the dynamic Eqn. of the system, u(t) is the 

control input while a(x, t) is the coeff. of control input. 

3. Proposed SMC with nonlinear sliding 

surface (SMC-H) 

Since convectional SMC (SMC-C) has a static linear 
sliding surface, it indicates that the trajectory could be 

possibly distorted by disturbance for a long period. 

Although the parabolic shape sliding surface shorten the 

reaching phase of time-varying SMC (SMC-T) [15], its 

sliding surface will lose its curve attribute as       
approaches to zero. Moreover, SMC-T is less flexible in 

adjusting the system performance because it is required 

to assure the curve shape is retained before it reaches the 

desired slope. Although, the allowable maximum 

velocity is increased by raising the control gain, the 

consequence is that there is a high chattering effect in the 
control signal. Thus, new sliding surface function (SMC-

H) should address those limitations. The proposed SMC 

is similar to SMC-T which has a curved sliding surface 

but it has even acceleration and deceleration motion to 

promote the trajectory speed to higher speed region. 

Besides that, the surface also depends on the initial 

condition, to shorten the duration to reach the sliding 

phase. Moreover, the control strategy incorporates the 

error feedback loop to calculate the appropriate control 

signal to drive the system. Therefore, it has higher 

flexibility to define the optimal setting under equipment 

limitations. The proposed sliding surface equation Sp(x,t) 

is given as: 
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Where B is the bending coefficient and A is the 

acceleration coefficient. The bending efficient, B is the 

primary parameter to regulate the reaching phase. To 

minimize the reaching phase, the sliding surface always 

been set around the trajectory at early state. Besides that, 

the sliding surface and bending coefficient are 

continuously tuned by the feedback error to retain the 

invariance effect. However, the consequence of early 

sliding phase is that the chattering phenomenon might 

sustain for the whole operation. This issue could be 
mitigated by increasing the acceleration coefficient, A. 

The acceleration coefficient is a scale value to promote 

the acceleration rate.  

During the sliding phase, partly discontinuous 

control input induces the rapid change of speed. Hence, 

higher velocity change rate could mitigate the chattering 

effect. Equation for bending coefficient, B(e): 
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Where p* is gap parameter, D defines a scaling 

parameter while H is a shifting parameter. The value of 
p* directly influences the disturbance effect on the 

trajectory. p* denotes the distance between the switching 

line and initial trajectory. Shorter distance indicates less 

time for reaching sliding phase and easily activates the 

discontinuous function to neutralize the disturbance. 

Shifting parameter is another vital factor in adjusting the 

disturbance sensitivity. Increasing H value indicates that 

the sliding surface deviate away from the initial 

condition. It could accelerate the tuning rate without 

increasing the torque output but the consequence is 

higher disturbance sensitivity. Due to those parameters 

of the bending coefficient are invariable to the system 
model, variable combinations of the control parameter 

are set to optimize the system performance under 

different dynamic limitations. Therefore, the flexibility 

of the system has been enhanced by this sliding surface. 

4. Simulation results and analysis 

A case study is presented to compare the performance of 

SMC-C, SMC-T and the proposed SMC-H. A two-link 

planar robotic manipulator, shown in Fig. 1, is studied 

here and the joint variables are θ1 and θ2. Its dynamic 

model is common and could be referred to some 

standard references. The dynamic model and control 

system are developed in Matlab Simulink. To have a 
realistic study, the gravitational effect and disturbance 

are included in the analysis. The control inputs u1 and u2, 

subscripts 1 and 2 denote links 1 and 2 respectively, are 

given by Eqn. (7).  
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Fig. 1: Two-link plane manipulator system 

Disturbance equation is given by: 

)5.3sin(5.221 tDD 
   (8) 

The initial conditions are set as θ1 = 0 rad, 9/1  

rad/s, θ2 = 0 rad and 
2
  = 0 rad/s while the desired states 

are rad 3/)(1  ft  and rad 9/4)(2  ft  for step input 

testing [15]. Three SMCs are sharing the same value of 

control gains k1 = k2 = 3 and the slope parameters c1 = c2 

= 5. Tables 1 and 2 give the control parameters for the 

SMC-T and SMC-H. The trajectories for 1st and 2nd 

link are presented in Fig. 2 and 5 respectively. 

Table 1: Control parameters of SMC-T 

First link parameter set Second link parameter set 

ks
+ ks

- a1 a2 ks
+ ks

- a1 a2 

0 -220 22 0 0 -110 8.6 -0.035 

Table 2: Control parameters of the proposed SMC-H 

First link parameter set Second link parameter set 

A1 p*1 D1 H1 A2 p*2 D2 H2 

9 1.0602 0.3 0.09 6 1.4 0.025 0.09 

 

 

Fig. 2: System trajectory vs. Time at 1
st
 link 

Compared with the second link, first link plane is 

the most effective in shortening the settling time and 

reaching phase. Fig. 3(a) shows that the SMC-H spent 

the shortest time to reach the steady state which 

improved more than 50% respond speed compared to 

SMC-C or 20% faster than SMC-T. According to Fig. 

3(b), the chattering effect of SMC-H started after 0.17 s 

which was the quickest to reach the sliding surface. It is 

because SMC-H has the shortest distance between the 

initial condition and the sliding surface. Thus, SMC-H 
has the least disturbance effect. Moreover, SMC-H could 

boost the trajectory in higher speed region without 

increasing the control gain and slope parameter. In Fig. 

3(c), the SMC-H has the highest trajectory speed 

compared to other two SMCs. It indicates that SMC-H 

could improve the respond speed without sacrificing the 

system performance. Although the nonlinear SMCs 

require more torque to accelerate the dynamic model, 

SMC-H has higher efficiency on energy management. 

SMC-H has higher acceleration rate compared to SMC-

T, but the required torque of SMC-H has merely 
increased. Thus, SMC-H has higher flexibility in 

adapting the variable of system setting. 
 

 

Fig. 3: Control outputs for each SMC at 1
st
 link 

 

Fig. 4: Rate of change of error        vs. Error       

 

Fig. 5: Trajectory tracking performances for each SMC at 2
nd

 link 

To obtain the tracking capability, all SMCs have 

been tested under the specific trajectory path. The 

trajectory path of first link will start from 20 to 80 (see 

Fig. 2) while for second link (Fig. 5), it starts at 20 to 

150 and both link have the constant accelerations. 
While the gain and slope parameter for each SMC are 
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similar (k1 = 30, k2 = 40, c1 = 30, c2 = 40). The error plot 

is shown in Fig. 4. Fig. 5 shows the tracking results. The 

second link plane showed significant improvement 

compared to the first link. Although the large control 

gain greatly increases the required torque amount, SMC-

H still performed efficiently on tracking capability. Figs. 

6(a) and 6(b) show that the SMCs required the same 

amount of torque to accelerate the manipulator and no 

overshoot issue, but SMC-H required least time to align 
back on the trajectory path (see the first 0.2 s in Fig. 

6(a)). Hence, it has the best trajectory tracking ability. 
 

 

Fig. 6: Control inputs for trajectory tracking test 

5. Conclusion 

In this paper, a higher-order sliding surface and its 

controller (SMC-H) has been successfully developed and 

studied. Results showed that SMC-H has the best settling 

time in step input test. Besides that, the SMC-H 

trajectory has sustained the least disturbance effect as it 

was the fastest to reach the sliding phase. Furthermore, 

SMC-H has been efficient on energy management in 

trajectory tracking ability. Under similar torque input, 

SMC-H was able to accelerate to higher speed region 
and spent least time to align the trajectory path. 

Although, the system performance has been improved by 

SMC-H, the chattering effect remains. This could be a 

focus for future work to mitigate the chattering effect. 
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