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Abstract – In the present work, integral sliding mode based continuous control algorithm is extended to multi input multi output 
system. The typical integral sliding mode control (ISMC) contains nominal control with discontinuous feedback control due to which 
overall control becomes discontinuous in nature. The proposed controller is a fusion of two continuous terms and one of which is able to 
handle, estimate and reject the disturbance successfully. A proposed robust ISMC technique is applied for industrial robot manipulators 
which utilizes interactive manipulation activity. Here, robust position tracking control obtained via ISMC principle for two link IRM 
scheme influenced by parametric uncertainties and external disturbances. The proposed ISMC design replaces the discontinuous part by 
continuous control, which super twisting control is able to handle the disturbance rejection completely. The effectiveness of the proposed 
control technique is tested under uncertain conditions and comparison study with other controllers has been done. The simulation result 
shows that the tracking error is effectively minimized by the proposed technique in presence of uncertain conditions.
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1. INTRODUCTION

In recent years, industrial robotic manipulator (IRM) 
applications used to carry out advanced tasks in indus-
trial automation like robotic surgery, welding, painting, 
polishing, laser cutting work etc. have added great im-
portance. Accurate besides precise robot manipulators 
motion control is required to perform such classy tasks. 
Hence, design of motion control schemes for IRM sys-
tems has emerged as an active research area. Because 
of its complex dynamics comprising time changing 
dynamical-structure in addition strong dynamic cou-
pling, inherent non-linearities, parameter uncertain-
ties a dedicated motion control structure designing for 
IRM scheme is tough task [1]. Several advanced con-
trol schemes studied comprehensively by a number 
of researchers over a period of time. These are mostly 
comprises continuous sliding mode control, feedback 
linearization [2], decentralized control, model predic-
tive control, adaptive control, fuzzy and neural network 

control. Intelligent control method like fuzzy plus neural 
network is good option for addressing nonlinear plus 
uncertain IRM dynamics. However, it embroil many of 
design parameters and complex rules that would lead to 
complex design procedure and sometimes impossible 
for implementation point of view.

Among all said methods, sliding mode control (SMC) 
is popular, robust control and widely executed for 
many input many output (MIMO) linear plus nonlinear 
systems. Robustness property in presence of external 
disturbances and parameter uncertainties is the primary 
feature of SMC. A variety of second order sliding mode 
control algorithms are discussed in [3-5, 15-19], one of 
the most potential algorithms of all of them is super 
twisting. This approach is developed to avoid chattering 
in systems having relative degree of one. The twisting 
around the origin characterizes trajectory on the two 
sliding planes. Super twisting control is a continuous 
control that ensures all key features of first order SMC for 
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system with smooth matched bounded uncertainties 
or disturbances. Super twisting algorithm with initial 
stability findings are majorant curve based concept. 
Thereafter, the Lyapunov scheme was introduced for 
proofs by [6]. From the several SMC approaches, integral 
SMC [7-14,17], may be readily integrated other new latest 
control strategies like proportional integral derivative 
(PID) control, linear feedback control, model predictive 
control, optimum control and so on, while retaining 
their features. As a result, ISMC may be described as 
bridge in between other control methods plus sliding 
mode which has greater robustness than other existing 
control systems. Though ISMC only has one issue, it has 
a discontinuous portion of control. This issue will be 
resolved if control is held continuously.

In this work, ISMC has 2 parts viz. first nominal control 
unominal next continuous control ucontinuous or discontinuous 
control (given by Utkin). To obtain desired trajectory for 
a system nominal-control is designed (without distur-
bance). unominal and ucontinuous design are totally sovereign. 
It may be noted that once trajectories on the sliding sur-
face, continuous control acts like a disturbance observer 
with its value equal to negative of the disturbance. Thus 
u = unominal + ucontinuous is applied to structure with distur-
bance, ucontinuous discards disturbance plus desired trajec-
tory is obtained through application of unominal.

This work considers a continuous SMC algorithm 
based on ISMC. Continuous control is replaced with 
ISMC discontinuous part. The property of disturbance 
rejection of super twisting control is utilized here by 
replacing discontinuous control with super twisting 
control. Discontinuous term will result in chattering, in 
addition it is undesirable from practical execution point 
of view. Presented algorithm has been implemented for 
two link IRM (Fig.1.).

Here robust position tracking control pattern is 
planned in addition realistic for 2 link IRM method using 
condition which is uncertain. Significant contribution is 
given as below

•	 Convergence speed is accelerated as well as chat-
tering is reduced by replacing with a continuous 
control with discontinuous part of ISMC.

•	 The property of disturbance rejection of super 
twisting control is utilized here by replacing dis-
continuous control with super twisting control.

•	 There are two phases in sliding mode. I. reach-
ing phase, where system states are driven to the 
switching manifolds from any initial state in finite 
time and II. Sliding phase, where system is in-
duced into sliding-motion on switching manifold, 
i.e. it becomes attractor.

•	 Singularity free control is possible with the pro-
posed sliding manifold.

•	 An effective disturbance estimator as a super 
twisting control is presented to counteract unex-
pected unmodeled dynamics impacts, uniden-
tified parameters owing to uncertainties in the 

parameters plus measurement noises of the IRM 
system.

•	 In this study, it is not necessary to have former 
knowledge of upper bounds of lumped distur-
bance.

•	 This control provides greater robustness against 
lumped uncertainty while maintaining excellent 
tracking precision.

This technique is tested to verify using a generic 2 link 
IRM model meant for monitoring predefined complex 
trajectory in indefinite work environment.

Fig.1. Two link industrial robotic manipulator

2. PROBLEM DEFINITION

For n-link IRM system equation for dynamic motion 
may be given as

(1)

Given:  vectors of velocity, position plus 
acceleration of joints of IRM separately. Applied joint 
torques vector: τ ∈ , τex ∈  unknown exter-
nal disturbances vector, M(q)∈  IRM inertia matrix, 

 centripetal and Coriolis forces matrix, 
gravitational forces vector: G(q)∈ .

Uncertainties of IRM model matrices, i.e.

(2)

Given:M0 (q), C0  and G0(q) are the nominal 
terms; ∆M(q), ∆C  and ∆G(q) model matrices per-
turbations.

So IRM dynamic model takes form as

(3)

A term (Lumped-uncertainty vector) given τd=τex+H 
 besides H  =-∆M(q)-∆C -∆G(q) which 

is circumscribed thru subsequent function

(4)

where positive constants p2 ,p1, p0.

Eq. 1 known as dynamic equation possesses proper-
ties useful in controller design plus to analyses stability 
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(P: 1) M (q) is positive beside symmetric plus bound-
ed by m1≤‖M(q)‖ ≤m2 where constants m1, m2 ≥0

(P: 2) Skew symmetric matrix is Ṁ(q)-2C(q, q̇)

(P: 3) Bounded matrix C(q, q̇) gives ‖C(q, q̇)‖ ≤ λ0 ‖q̇‖ 
for λ0>0

3. CONTROLLER DESIGN

3.1. SUPER TWISTING MULTIVARIABLE 
 (STM) ALGORITHM

Super twisting algorithm is designed to regulate the 
schemes in presence of lumped uncertainty and as well 
it reduces the chattering phenomenon. It gives continu-
ous control signal that assures all of fundamental features 
of first-order SMC, given first derivative of the matched 
disturbance is finite. Improvement on well-known super 
twisting technique is STM method. It may be utilized for 
MIMO system control without system states decoupling.

Let us take MIMO scheme as, 

(5)

where 𝐵, 𝑥 is invertible as well as known, 𝑢 as a con-
trol and 𝑑 is the bounded but unknown uncertainty.

The term 𝑑 involves, d=d1 ‖x‖+d2 where d1≤∆1 besides 
d2≤∆2

Super twisting multivariable control u is given below

(6)

where ki>0,i=1,2,3,4 are the constant parameters 
chosen in way that the aforementioned controller 
would be able to stabilize the MIMO structure in finite-
time. Putting 𝑢 as of (6) to (5), we can write

(7)

By specifying 𝜂 = 𝑣 + d2, we get (7)

(8)

State variables finite-time convergence 𝑥,  𝑥̇ as well 𝜂 
are to be achieved and keep zero for subsequent time 
by k1, k2 , k3, k4. As of eq (8) when states touches origin 
we get, η=v+d2=0

d2=η (9)

Because of the aforementioned characteristic, the 
multivariable super twisting algorithm is used as both 

a controller and a disturbance estimator. In the next 
part, we will present continuous ISMC for MIMO sys-
tems based on the previously described disturbance 
observation characteristic.

3.2. ROBUST INTEGRAL SMC (ISMC) FOR 
  ROBOT MANIPULATOR SCHEME

The ISMC consists of two parts: u nominal control 
(unominal), besides (II) continuous or discontinuous con-
trol (ucontinuous). The nominal control is aimed at keeping 
the system on the planned trajectory in the absence of 
disturbance. The concepts of unomoinal plus ucontinuous are 
entirely separate.  It should be highlighted that once 
sliding-surface with trajectories (= 0 as per property 
of multi variable super twisting disturbance observa-
tion) are established, continuous control works as dis-
turbance estimator, with its value equal to negative of 
disturbance. As a result, when u= unomoinal + ucontinuous  is 
applied to a system with a disturbance, ucontinuous castoffs 
disturbance besides unomoinal produces required trajec-
tory.

This technique is mathematically described as fol-
lows,

Ponder the structure

ẋ=Ax+B(d+u) (10)

Given 𝐴, 𝐵, 𝑢, 𝑥,  𝑑 are system-matrix, input matrix, 
control,state plus disturbance separately. Depending 
on the system’s nature, the input matrix in addition 
system matrix might be nonlinear or linear .The control 
input for the system (10) is to be considered as

u = unomoinal + ucontinuous,  where unomoinal is acting as a ser-
vo control and ucontinuous is acting as a regulatory control 
under the effect of lumped disturbances. Here, unomoinal 
can be chosen as PID, any multivariable linear control, 
state-feedback, linear quadratic regulator (LQR) optimal 
control, adaptive-control, time variant control, and so 
on. The systems (10) required sliding surface defined as

(11)

Where, projection-matrix plus initial-condition of 
scheme 𝐺, x(t0) the sliding surface is designed so that 
system trajectories begin from it, plus if a disturbance 
comes into play, ucontinuous becomes functional and dis-
turbances are corrected. It would be explicated math-
ematically as

(12)

Assume devoid of loss of generality GB=Φm×m, given 
𝑛 dimensional unit square matrix 𝐼 (or else ucontinuous is 
((GB)(-1) ) scaled control, thus

ṡ=[ucontinuous+d] (13)

Assuming ucontinuous is formed using STM control
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(14)

where ki>0, i=1, 2, 3, 4 are chosen appropriately by 
considering the stabilization of system. After substitut-
ing  u_continuous from (14) to (13), we can get

(15)

By specifying η=v+d we can write (15)

(16)

Remark 1. s and v initial conditions essential for the 
solution of system eq. (15). We have previously de-
signed 𝑠 due to its zero initial conditions, since 𝑣 is a 
fictional variable, it is always possible to pick 𝑣 = 0 as an 
initial condition. Therefore, in order to initiate the 2nd 
order SMC from the beginning moment, starting val-
ues of s and s̈ need to be zero. The starting value of con-
verted variable 𝜂 contains initial value of disturbance 
𝑑 shown in (16). All the time it is difficult to estimate 
starting condition of the disturbance 𝑑, with the excep-
tion of some special circumstances where there is no 
disturbance at all, such as fault diagnosis difficulties 
when no fault there at all, which indicate 𝑑 = 0. Hence, 
𝜂 = 0 for t≥0 from now both 𝑠 plus ṡ  are zero from the 
beginning moment. Therefore, when there is nonzero 
starting disturbance then sliding mode will begin sub-
sequently some finite time t≥τ as z≠0 this may be made 
very trivial if possible with selecting apposite values of 
ki= 1, 2, 3, 4. Hence, when 𝑠 and fictitious variable 𝜂 are 
achieved to zero, so ṡ  turn into zero and it relics zero all 
the time even in presence of disturbance.

As per eq. (16), we can make conclusive remark as 𝑠 = 
𝜂 = 0 which implies ṡ  =0 in finite time for appropriate 
values of gains ki = 1, 2, 3, 4. In the final step, from eq 
(16) 𝑣 = −𝑑. And from eq (14) ucontinuous=v=-d. This in-
dicates that while the scheme is in sliding mode, the 
value of the ’disturbance’ d=-v and is cancelled out. 
Therefore, when it is on a sliding surface, the system 
guided by nominal control then designed to be stable.

4. PERFORMAQNCE ANALYSIS PLUS 
NUMERICALL SIMULATIONS

With general two link IRM model performane of ex-
isting procedure has been appraised here [14] it gives

(17)

Where:

The IRM model parameters are shown in Table 1.

The high frequency effect  of external disturbances 
plus measurement noises are considered in simulation 
for presenting the effectiveness of control in uncertain 
environment. The same external disturbances as in eq 
(18) used in simulation.

(18)

Table 1. Model parameters of IRM

Symbol Definition Value

l1 Length of link 1 1 m

l2 Length of link 2 0.85 m

J1 Moment of Inertia of Motor 1 5 kg m

J2 Moment of Inertia of Motor 2 5 kg m

m1 Mass of Link 1 0.5 kg

m2 Mass of Link 2 1.5 kg

m̂1 Estimated Mass of Link 1 0.4 kg

m̂2 Estimated Mass of Link 2 1.2 kg

G Gravitational Constant 9.8 m/s2

Also the control behavior is tested in presence of 
parametric uncertainty by introducing 20 % parameter 
uncertainties in model matrices of the IRM.

IRM initial values elect as q1 (0)=1.0, q2 (0)=1.5, q̇1 
(0)=0 and q̇2 (0)=0

IRM system chosen trajectory to be trailed is picked as

(19)

Comparison of proposed method with benchmark 
controllers like conventional SMC, computed-torque 
controller (CTC) in addition to this a non singular ter-
minal SMC are considered. The corresponding control 
laws are mentioned as below,
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: Proposed

CTC: nominal controller settings: - Kp  = 25I2, Kv = 
10I2, SMC: α=6I2, k1= 4.3I2, k2 = 2.6I2, φ=0.009I2, thru 
(t)+ė (t)=s(t), NTSMC: k1=k2=2.5, β=1I2 and γ=1.5 us-
ing βsig(e(t))γ+e(t)=s(t). Intended ɳ1=35, ɳ2=15, k1=2.1, 
k2=40, k3=2.5 and k4=60 

With suggested robust ISMC numerical simulation 
results obtained for this effort as per in Eq. (14) with 
Figs 2-9. Fig 2 and 3 explains joint 1 and joint 2 position 
tracking control each. Offered control tactic not only 
show the tight control performance but also quickly 
follow the desired trajectory all through simulation 
run. NTSMC over SMC and CTC for position tracking 
control provides small-steady state error nevertheless 
NTSMC [14] gives better tracking results as related 
to SMC and CTC as shown in Figs 4-5. Even though 
projected proposed robust ISMC control provides all 
through the run zero steady state error in presence 
of parameter uncertainties plus time varying external 
disturbance. The corresponding control torque gener-
ated during position tracking by following controllers 
are shown in Figs 6-7. It should be noted that project-
ed control requires minimum control torque among 
all controllers, to attain perfect position tracking con-
trol. Figs 8-9 clearly shows disturbance estimation in 
both the joints.

Fig. 2. Joint 1 Position Tracking

Fig.3. Joint 2 Position Tracking

Fig. 4. Joint 1 Position Tracking Error

Fig. 5. Joint 2 Position Tracking Error

Fig. 6. Joint 1 Position Tracking Control Input

Fig. 7. Joint 2 Position Tracking Control Input

Fig. 8. Disturbance Estimation in Joint 1
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Fig. 9. Disturbance Estimation in Joint 2

Performance measures appraising quantitative per-
formance of controllers castoff shown below;

a) Root mean square (RMS) error

b) Norm of the error (Euclidean) L2

c) Absolute error value Integral (IAE)

d) Using time interval integration then  
 multiplication thru absolute error value (ITAE)

Table 2 shows computed performance indexes .

As compared to other control schemes from these 
indices, it can be confirmed that projected controller 
has excellent dynamic performance, using agitation 
estimator in control regulation negates lumped uncer-
tainty effects per sampling instant.

In overall, using disturbance estimator finite and 
fast convergence property thru enriched robustness is 
strength of this control structure .As per use of pertur-
bation from dynamics of terminal sliding-manifold esti-
mator estimates uncertainties together with unknown 
nonlinear dynamics of the manipulator in addition ex-
ternal disturbances. So control input compensate for 
uncertainty which exists throughout position trajec-
tory tracing of IRM system, at every sampling period. 
In consequence it eliminates the need for information 
about the bounds of the existing lumped disturbance 
vector. Efforts displays merely one restriction that ini-
tial control inputs nevertheless that would be resolved 
through employing computer provided soft limiters, 
which are used to smoothen the signal known as low 
pass filters. It may be simply extended to any kind to ro-
botic system together with serial as well parallel robots 
due to simplicity in design control procedure.

Control Laws
e1 e2

RMS L2 norm IAE ITAE RMS L2 norm IAE ITAE

CTC 0.0923 41.2572 4.3737 × 103 1.2118 × 108 0.0441 22.2635 2.5851 × 103 4.5228 × 107

SMC 0.1430 63.9588 6.9782 × 103 4.9020 × 108 0.0784 35.0708 3.3289 × 103 1.8469 × 107

NTSMC 0.1376 61.5485 7.2406 × 103 5.0729 × 107 0.0799 35.7276 3.8895 × 103 2.3393 × 107

PROPOSED 0.0390 21.0201 2.2565 × 103 8.1910 × 106 0.0210 15.2050 0.9820 × 103 3.2210 × 106

Table 2. IRM system position tracking control quantitative analysis with initial condition q1(0)=0.2 , q2(0)=2

5. CONCLUSION

This work has proven the effect of robust integral 
sliding mode control to the IRM system in presence of 
uncertain conditions. The replacement of discontinu-
ous term with continuous super twisting control gives 
the multi feature of control as well as disturbance es-
timation and rejection. The proposed control scheme 
efficiency has been tested by comparing with well-
known controllers. The proposed technique has sever-
al advantages, including higher accuracy, faster finite-
time convergence, singularity free control plus no need 
for prior knowledge of the uncertainty bounds. The 
suggested solution also increases closed-loop system 
overall stability in presence of lumped disturbances 
due to super twisting control term. The design method 
presented here is based on a rational design technique 
that considers trade-off between response to set-point 
changes, stability of overall process with controller and 

robustness to plant parameter variations. The present 
work can be extended in future directions by noting 
the features like, SMC generally effectively handles the 
matched disturbance part of the plant and observer 
based structure is able to handle the mismatched dis-
turbance part of the system. Also this kind of structure 
of the control can be extended to other actuated and 
under actuated systems.
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