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Abstract—In this paper, an adaptive sliding mode (ASMC)
controller designed for a multi-inputs and multi-outputs (MIMO)
robotic arm nonlinear manipulator system. The controller is de-
signed based on Lyapunov theorem to achieve a robust trajectory
tracking taking into consideration the system’s uncertainties in
addition to reducing the effect of chattering problem associated
with the traditional sliding mode control. It’s found that, even in
the presence of the parameters’ uncertainties, the performance
of the proposed controller for the trajectory tracking is robust.
Furthermore, chattering is significantly reduced.
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I. INTRODUCTION

The robot arm manipulator systems can reliably replace
human in the industrial manufacturing to perform some
repetitive and complex tasks [1]. Generally, the robotic
systems are highly recommended to be involved in the
industrial application to reduce the risk and danger that may
face human and meanwhile improve the performance of the
work and minimize the time required to perform the task.
Recently, the robotic applications extend to include other
complex and precise applications, such as welding, assembly
and medical operation [2].

The robotic manipulator systems are classified as nonlinear,
multi-input multi-output (MIMO) and underactuated
systems. Therefore, all these challenges must be taken
into consideration when one decides to design the controller
to enable the robotic manipulator to achieve the assigned task
satisfactorily [3].

A review has been done on the implementations of the
fuzzy logic control (FLC) on 2-DOF robot manipulator, and
several control’s schemes of FLC are studied, for instance,
adaptive control, sliding mode control, and PID control are
presented the advantages and disadvantages of each [4]. The
SMC and traditional PID controllers are applied for a 2-DOF
planar manipulator, where sliding mode surface is developed
using PID structure [5] [6].

The performance of conventional SMC and PID controllers
is investigated based on fast and robust response and generated
control efforts [7]. Both, the chattering reduction and keeping
high tracking performance on SMC controller is achieved

by driving a control law using an exponential function
[8], while a proportional-integral together with the sliding
function in the boundary layer is applied for the chattering
elimination [9]. A multi model control-based SMC method is
designed to decrease the parameter’s uncertainty level which
results on the observer-controller gains reduction [10]. The
high-order sliding mode (HOSM) control is used to applied
the chattering associates with the conventional SMC control
[11]. The terminal sliding mode control (TSM) is proposed
for robot arm by using the time delay estimation (TDE) to
achieve fast convergence and without a prior knowledge of
the robot arm manipulator dynamics [12].

In this paper, an adaptive SMC is presented based on
Lyapunov stability theorem has been designed. The key
objectives of the proposed SMC controller are twofold.
Firstly achieving a robust trajectory tracking taking into
consideration system’s uncertainty and un-modeled dynamics.
Secondly reducing chattering by manipulating the gain of
switching function depending on the convergence rate of
system’s trajectories to sliding manifold.

The paper organized as following, started with brief intro-
duction as in section I by introducing the previous work on
the robotic manipulator controllers design. While the robotic
arm manipulator dynamic model presented in section II.
Section III dedicated for the proposed adaptive SMC design.
Section IV, showed the simulation results generated by using
MATLAB/SIMULINK environment. Section V concluded the
paper.

II. DYNAMIC MODELING OF ROBOT ARM MANIPULATOR

The generic form of the nonlinear dynamic equations of the
robot arm manipulator given as following [7]:

H(q)q̈ + C(q, q̇)q̇ +G(q) = τ (1)

where,
q ∈ Rn ≡ represents the generalized coordinates.
q̇ ∈ Rn ≡ represents the joints accelerates.
H(q) ∈ Rn×n ≡ represents the inertia matrix.
C(q, q̇) ∈ Rn×n ≡ represents Coriolis and centripetal.
G(q) ∈ Rn ≡ The gravity force.
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τ ∈ Rn ≡ Control Inputs.

Properties of Dynamic Equation of Robotic Manipulators:

1) The inertia matrix is a symmetric and strictly positive
definite:

H(q) = H⊤(q) > 0

2) The Coriolis and centripetal matrix must follow:

x⊤[Ḣ(q)− 2C(q, q̇)]x = 0

where, x is an arbitrary vector.

Consider, for example a 2-DOFs robot manipulator as
illustrated in Figure 1 governed by equation (1), the dynamic
of the robot arm manipulator can be written as in equation (2)
[13].

Figure 1: Two links robot manipulator [14]

H(q)

[
q̈1
q̈2

]
+ C(q, q̇)

[
q̇1
q̇2

]
+G(q) =

[
τ1 + η1
τ2 + η2

]
(2)

where,

H(q) =

[
m1 +m2 −m2L2sin(q2)

−m2L2sin(q2) m2L
2
2

]
,

C(q, q̇) =

[
0 −m2L2q̇2cos(q2)
0 0

]
,

G(q) =

[
0

m2L2gcos(q2)

]
where, m1 and m2 denote mass of link 1 and link 2

respectively, L1 and L2 represent lengths of links 1 and 2,
respectively, while I1 and I2 denote the inertia of links 1 and
2, respectively, and g represents gravity force. η1 and η2 are
the lumped uncertainty effect on the links 1 and 2, respectively.

III. SMC CONTROLLER DESIGN

Generally the sliding mode controller is classified as a
variable structure control (VSC) which contains various of
continuous functions which maps plant’s state to a surface
or switching surface (prespecified by designer). The main
purpose of the switching function in SMC control laws is to
force states trajectory to stay on the surface for current and
subsequent time.

The robot arm dynamic equation (12) of the robot arm can
be formulated as follows:

q̈ = H(q)−1
[
τ − C(q, q̇)q −G(q) + η

]
(3)

where, η is the lumped parameters uncertainties.
First step of designing SMC control is to define the error

dynamic as follows:

e(t) = qd − q (4)

where, qd is the desired angle.
The second step is to design sliding surface, the generic form
of sliding surface is given as follows [15]:

s = (
d

dt
+ λ)n−1e (5)

where λ is a positive constant, and n is the systems order.
Therefore, the robot arm manipulator (1) is a second order
dynamics systems (n = 2), thus equation (5) becomes

s = (
d

dt
+ λ) (6)

The 3rd step is to apply the readability condition as below:

ṡ = −k1sign(s)− k2s (7)

where, k1 and k2 are the positive constants.
Therefore, The derivative of (5) yields to:

ë+ λė = −k1sign(s)− k2s (8)

Thus,

q̈d − (H(q)−1
[
τ − C(q, q̇)q −G(q) + η

]
) + λė

= −k1sign(s)− k2s
(9)

In order to cancel all nonlinear terms in (9) the control input
(τ ) is selected as below [16]:

τ = H(q)
[
q̈d + λė

]
+ C(q, q̇)q̇ +G(q) + ν (10)

Substitute (10) into (9) leads to

ṡ = ν − Γ (11)

where ν is a new control input for the linearized system (11),
while

Γ = H(q)−1η (12)

Therefore, to obtain the estimated uncertainty Γ̂, the follow-
ing candidate Lyapunov function can be selected as:

V =
1

2
s⊤s+

1

2
Γ̃⊤γ Γ̃ (13)
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where, Γ̃ is the error between the estimated and lumped
uncertainties Γ̃ = Γ̂ − Γ, and γ is the diagonal matrix with
the diagonal positive constant entries. Thus, by differentiating
the both sides of equation (13) with respect to time leads to:

V̇ = s⊤ṡ+ Γ̃⊤γ ˙̃Γ (14)

According to (14) the adaption law is given by
˙̂
Γ = −γ−1 s (15)

Thus, (14) becomes as follows

V̇ = s⊤ṡ (16)

Considering equations (7) and (15), the selected control law
(11) can be written as follows

ν = Γ̂− k1sign(s)− k2s (17)

By substituting equation (7) into (16) yields to

V̇ = s⊤(−k1sign(s)− k2s) (18)

which leads to

V̇ = −k1|s| − s⊤k2s ≤ 0 (19)

Now, the time derivative of selected Lyapunov function (13)
is definitely negative as in (19), thus the closed loop control
system is asymptotically stable.

In order to decrease the effect of chattering associate with
the switching function, the parameter k1 which represents the
uncertainty bounds can be estimated as follows

˙̂
k1 = α|s| (20)

where α is a positive constant. Thus, the control law becomes
as follows

ν = Γ̂− k̂1sign(s)− k2s (21)

Furthermore, the switching function (sign(s)) in the control
law (21) has been replaced/approximated by smooth function
tan hyperbolic function as depicted (tanh(s)) in Figure 2
which leads to the chattering redaction. Therefore, the pro-
posed control law can be written as follows

ν = Γ̂− k̂1tanh(s)− k2s (22)

IV. RESULTS AND DISCUSSION

This section presented the robot arm manipulator model
parameters are selected from [14] as listed in Table I, while
the proposed adaptive sliding mode controller parameters are
selected to be k2 = diag(1, 1), α = diag(20, 20) and
γ = diag(1, 1). Figure 3 illustrates the overall diagram of
the proposed adaptive SMC scheme.
The parameter uncertainty has been occurred in the mass of
the link 2 at time (t=2.5 sec) as shown in Figure 4 in which
the value of m2 has been increased (from 5 kg to 7 kg) about
%40 and it remained with the value m2 = 7kg till (t= 7 sec),
and then it returned back to it’s nominal value (m2 = 5) at time
(t=7 to t=10). While the value of m1 remained at the nominal

value (m1 = 10 kg) during all the time of the assigned task.
As can be seen in Figure 5, the proposed adaptive SMC
was able to perform robust trajectory tracking, and follow the
predefined sinusoidal reference signal (assigned tasks) even
in the presence of parameter uncertainty in m2. The error
signals between the desired and measured signals are depicted
in Figure 6. The sliding surface of link 1 and link 2 is presented
in Figure 7.
The drawback of the conventional SMC controller is chattering
phenomena causes by the switching function in the control
law (17) as shown in Figure 8 where the switching gains are
selected as k2 = diag(30, 30) (positive and constants). The
chattering leads to the critical problems such as vibration in
the robot arm joints which effects in the precise tracking, and
also the it causes heats in the electronics kids attached to the
control system.
Therefore, in this work two approaches have been used to
decrease the effect of chattering , the first one is applying
the adaptation law as in (15) which estimating the control
gains k2 of the switching function. While the second one
is replacing the switching function (sign(s)) by the smooth
function (tanh(s)) as in (22). Thus, the obtained results
showed better performance in term of the chattering reduction
in the control inputs as shown in Figure 9 compare the Figure
8, and associates the estimated switching gains are illustrated
in Figure 10.

Table I: The robot arm manipulator parameters

Parameter Symbol Unit Value
Length of link 1 L1 m 0.2
Length of link 2 L2 m 0.1
Mass of link 1 m1 kg 10
Mass of link 2 m2 kg 5

Gravity acceleration g m s−2 9.81
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Figure 2: The switching function (sign(s)) and approximated
tan hyperbolic function tanh(s).
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Figure 3: Overall simulink block diagram of the proposed
adaptive SMC scheme.
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Figure 4: Robot arm mass uncertainty.
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Figure 5: The trajectory tracking for links 1 and 2.
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Figure 6: Trajectory tracking error for links 1 and 2.
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Figure 7: The sliding surfaces.
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Figure 8: Control inputs using sign(s) and constants switching
gains.
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Figure 9: Control inputs using tanh(s) and estimated switch-
ing gains.
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Figure 10: Estimated switching gains.

V. CONCLUSION

The proposed adaptive SMC controller has been designed to
achieve a robust trajectory tracking taking into consideration
system’s uncertainty and un-modeled dynamics. Furthermore,
to reduce the chattering effects associated with the convec-
tional SMC, by tuning (adaptively) the gain of switching
function based on the convergence rate of system’s trajectories
to sliding manifold. The simulation results showed a better
controller performance in term of the chattering reduction
and robust trajectory tracking in the presence of the model
uncertainty in the robot arm mass.
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