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Abstract
This paper focuses on simple heave dynamics of helicopter UAV 
for autonomous operations to achieve efficient control scheme 
based on sliding mode methodology for accurate altitude tracking 
under both matched and unmatched disturbances. Under fast 
changing dynamics of the UAV, a control law is developed that 
provides robustness against uncertainties, parameter variations 
and perturbations for accurate hovering conditions. The controller 
guarantees the asymptotic stability of the origin in finite time. 
Further, efforts are made to smoothen the control signal by making 
continuous approximation of the discontinuous function in the 
control law using hyperbolic tangent function.
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I. Introduction
An Unmanned Aerial Vehicle (UAV) is a commonly referred to 
as a drone or a Remotely Piloted Aircraft that incorporates no 
human pilot aboard and is controlled autonomously or remotely. 
Previously UAVs were mostly remotely controlled but their 
inherent fast dynamics makes them difficult to control [1] and so 
a flight augmentation technique or a fully autonomous controller 
is required to fulfill the task. With recent advances in technology, 
trend has been shifted to autonomous UAV design and control 
and it has attracted global research community to focus attention 
on the robust control and stabilization of the UAV models. UAVs 
are generally employed for military applications but it can have 
civilian applications too. Some of the uses include remote sensing, 
commercial aerial surveillance, aerial monitoring of crops and 
livestocks, firefighting, film making and sports, domestic policing, 
resource exploration, armed attacks, search and rescue operations 
and archaelogy, to list a few. In other words, UAVs are suitable for 
operations that are termed dull, dirty or dangerous [2] for human 
piloted aerial vehicles.
Miniature helicopter UAV, due to its hovering capability, vertical 
flight properties [1] and no requirement of an airstrip [3] to land 
or take off, finds numerous military and civilian applications.
Strongly coupled [4], highly nonlinear, inherently unstable and 
uncertain mathematical model of a helicopter calls for high degree 
of autonomy for flight regulations and desired operations in a full 
flight envelope. Several control strategies have been proposed 
so far that are based on linearizing the nonlinear model of the 
helicopter that simplifies the problem to a great extent but this 
easy design technique is more application specific and everytime a 
linear approximation of a nonlinear model is not feasible [5]. Use 
of linear control such as feedback based PID has some advantage 
that it requires only gains to be tuned in a flight test [3], [6], 
however this local control cannot be extended to a full flight 
regulation control. Fuzzy logic with gain scheduling and neural 
networks have been applied to such system but being non model 
based strategies [3], although they present well adaptation and 

good approximation to hard nonlinearities but are not capable 
of fast catching up with the practical scenario, and thus, they 
have to be combined with other control strategies to achieve high 
performance. Other strategies include Model Predictive Control 
(MPC), robust multivariable control, nonlinear tracking controller 
design, exact state linearization, LMI based linear control, etc. 
Keeping the model intact in its nonlinear form, we present a sliding 
mode based approach for the problem of altitude stabilization. 
The main advantage of this control is that it is a model based 
control technique [3] and is robust to disturbances and matched 
uncertainties [7]. Since the origin of sliding mode control in 
Soviet Literature, it is being succesfully applied for the control 
of electrical power converters, electrical machines, automotives, 
robotic manipulators [5], aircrafts and several other fields that 
include dynamical systems. Other model based controls such as 
MPC [8], Linear Quadratic Optimal Control [9], etc. are available 
but not all provide high performance when dealing with practical 
scenario. In this work, nonlinear heave dynamics of helicopter 
UAV has been presented and accurate altitude tracking has been 
done by formulating sliding mode control laws. However, an 
undesirable effect of chattering [5, 10-11] is observed in sliding 
mode control and is the biggest drawback of this controller due 
to the presence of discontinuous switching function. Efforts have 
been made to smoothen the control signal by approximating the 
discontinuous signum function by continuous functions [5] such 
as saturation, hyperbolic tangent and other sigmoid functions.

II. Plant Description
For simplicity, we present 1-degree of freedom heave dynamic 
model of a helicopter UAV, as proposed in [12] and we modify it 
by accounting for disturbances that may creep in.

where x = [x1 x2 x3 x4 x5]
T = [z z˙ Ω˙ θ θ˙]T and the coefficients 

ai are listed below.
a0 = −17.67m/s2, a1 = a2 = −0.1s−1, a3 = 5.31 × 10−4, a4 = 1.5364×10−2, 
a5 = 2.82×10−7, a6 = 1.632×10−5, a7 = −13.92s−2, a8 = −0.7s−1, a9 = 
a10 = −0.0028, a11 = 434.88s−2, a12 = −800s−2, a13 = −0.1 and a14 
= −65s−1 with u1 = K1uth and u2 = K2uθ K1 = −0.1088s−2 and K2 
= 0.25397s−2 Here z : height of helicopter above ground (metres) 
z˙ : vertical velocity (m/s)
Ω : angular position of rotor blades measured from tail (rad) Ω˙ 
: rotational speed of rotor blades (rad/s) θ : collective pitch angle 
of rotor blades (rad) θ˙ : collective pitch rate (rad/s) uth: input to 
throttle uθ : input to collective servomechanisms ϕ : disturbance
Any dynamic multivariable nonlinear system can be represented 
in the form described as
x˙ = f(x) + b(x)u        (1)
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x˙ = f(x,u) is the general form of any nonlinear state space equation 
[5] where f(.) is a vector of function satisfying mathematical 
conditions guaranteeing the existence and uniqueness of the 
solution.
Some dynamical transformations are also available for the model 
but we proceed our computations and the design of autonomous 
dynamics in the model described above.
The complexity of the formulation has to be taken care of when 
designing practical controllers to match the theoretical aspects.

III. Problem Formulation
The control objective here is to track a desired altitude reference in 
order to hover. A peculiarity of heave dynamics of the helicopter 
is that it requires a constant reference altitude to be tracked for 
hovering but none of the other states can be assigned a fixed 
reference. Precise measurement and knowledge of all the other 
states for the full flight envelope and different heights are essential 
for this purpose.
Thus, the error term for altitude reference is given by
e1 = x1 − x1d     (2)
In fact, any error term can be given by the following equation.
ei = xi − xid     (3)
The origin is always considered a stable equilibrium. The coordinate 
axes can be translated to suit the requirements [5] when this is not 
the case. The focus lies in stabilizing the origin to the tracking error. 
In other words, it is required that the error term approaches some 
small vicinity of zero after a transient of an acceptable duration 
and the states attain the values as desired.

IV. Controller Design
Heave dynamics of the helicopter greatly affects the rotor angular 
velocity and accurate altitude tracking can be achieved by suitably 
controlling the rotor angular velocity. This should attain a high 
value so as the helicopter remains at the reference height. There 
are two ways to achieve the required control. The first one is to 
efficiently control the rotor angular velocity thereby generating 
necessary lift to support hovering. The second control approach 
is to efficiently control the collective pitch angle of the rotor. 
Considering the regulator problem and designing feedback laws 
using Lyapunov approach, we have

 (4)

    

 (5) 

  (6)

  (7)
u1 and u2 using this technique can be given as

where and
K1. 1, a1, a8 and a14 are negative,
V˙ (x) < 02. 
the system is stable in the sense of Lyapunov. It should • 
be noted that x4 = 0 in equation (7) but the result remains 
unchanged as the situation depicts the physical case when the 
rotor blades are stationary and the helicopter is at the ground. 
The response is shown here.

Fig. 1: Regulator Response for Height of the UAV

Fig. 2: Regulator Response for Vertical Velocity of the UAV

Second response follows the first one very nearly, which is in 
accordance with the notion that for a very small time, the UAV 
attains hovering condition, after which the response is not 
acceptable. This response has to be greatly improved to achieve 
hovering conditions properly.
Henceforth, a sliding mode controller has been developed 
incorporating power rate reaching law that guarantees asymptotic 
stability [13] in the large. This design procedure involves two 
steps viz. designing a stable sliding surface, and formulating the 
control law. The surface has been chosen as
n−1
 σ(x) = xn + X cixi    (8)
i=1
with ci that are weighting parameters that affect the trajectory and 
states [5] of the system and in turn, its performance.
For our requirement, we have σ(x) = x5 + c4x4 + c3x3 + c2x2 + 
c1(x1 − x1d)     (9)
We continue to design the controller from the viewpoint of 
controlling the rotor angular velocity, assuming collective pitch 
to be unaltered in particular, which makes only one input to be 
effective and reduced dynamics, i.e., x4 = constant and thus x5 = 
0. Hence, our surface becomes
σ(x) = x3 + c2x2 + c1(x1 − x1d)   (10)
⇒ σ˙(x) = x˙3 + c2x˙2 + c1(x˙1 − x1˙d) (11)
For set point objective, the equivalent control [14] can be calculated 
as follows.
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u1eq = −f3 − c2f2 − c1x2    (12)
where f2 = x˙2 and f3 = x˙3 −u1 We design a control based on the 
notion of the sliding mode as
u = ueq + uc     (13)
where uc stands for corrective control that is required to compensate 
the deviations [11] from the sliding surface
 ∴ u1 = u1eq + u1c   (14)
Thus, a constant rate reaching law is given by
 u1 = −f3 − c2f2 − c1x2 − βsign(σ)  (15)
where β is some design parameter. A control based on power rate 
reaching law can be formulated as following.
 u1 = −f3 − c2f2 − c1x2 − β1|σ|αsign(σ) (16)
β1 is another design parameter and α ∈ (0,1). For proper design, 
the parameters c1, c2, βi, fi and α should be known in priori.

V. Simulation Results
Our primary objective is to constrain the UAV to attain a certain 
height and maintain it thereafter that is controlled hovering. 
The disturbance considered here is simulated by a Gaussian 
distribution with mean 10 and variance 10. This disturbance is 
randomly generated and both matched and unmatched cases have 
been considered.

A. Case of Matched Uncertainties
When the UAV needs to track 100 m and a control described in 
equation (15) is applied with a constant collective pitch of 0.1222 
rad, the results are described here. It is clear that the UAV attains 
steady state in 50 sec but there is a constant steady state error of 
28 m.

Fig. 3: Height of the UAV

The vertical velocity is completely zero in this situation, shown 
in fig. 4, and the rotor angular velocity settles to a finite value 
during the steady state, shown in fig. 5. The control signal given 
by equation (15) is shown in fig. 6.

Fig. 4: Vertical Velocity of the UAV

Fig. 5: Rotor Angular Velocity of the UAV

Fig. 6: Control Using Discontinuous Constant Rate Reaching 
Law

Huge amount of chattering is evident in this control signal. When 
the collective pitch is 0.2269 rad, slight reduction in steady state 
error is observed using the same control, as depicted in fig. 7. 
Steady state error is now 18 m.
Vertical velocity is still zero (fig. 8) but the rotor angular velocity is 
reduced (fig. 9). This decreased rotor angular velocity corresponds 
to the physical situation that more thrust is generated by the UAV 
at small angular velocities with increased pitch.

Fig. 7: Height of the UAV With Increased Collective Pitch
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Fig. 8: Vertical Velocity of the UAV with Increased Collective 
Pitch

Fig. 9: Rotor Angular Velocity of the UAV With Increased 
Collective Pitch

When the UAV is required to track higher altitudes such as 1000 
m, the steady state error goes off using this control. Steady state 
is achieved after 400 sec that is true with respect to the dynamics 
of the UAV. Vertical velocity and rotor angular velocity are also 
shown in fig. 10 and fig. 11 respectively for this altitude. The 
control for this height is depicted in fig. 13.

Fig. 10: Height of the UAV

Fig. 11: Vertical Velocity of the UAV

Fig. 12: Rotor Angular Velocity of the UAV

An improvement over this response is obtained when the law 
described by equation (16) is used. The results are shown in figures 
14 and 15. The UAV is able to track 1000 m in 250 sec. However, 
chattering is also observed even in this control.

B. Case of Unmatched Uncertainties
Sliding mode controller is known to be robust against uncertainties. 
Once the states are pushed on the surface,

Fig. 13. Control Using Discontinuous  Constant rate reaching 
law for height 1000m

Fig. 14: Height of the UAV

Fig. 15: Control Using Discontinuous Power Rate Reaching 
Law



IJECT Vol. 6, IssuE 1, spl- 1 Jan - MarCh 2015  ISSN : 2230-7109 (Online)  |  ISSN : 2230-9543 (Print)

w w w . i j e c t . o r g 36   InternatIonal Journal of electronIcs & communIcatIon technology

the system is unaffected by disturbances that are bounded. 
Unmatched disturbances include variations in the mass of 
the UAV, unwanted directional acceleration, etc. However, 
disturbance rejection of unmatched uncertainties is subject to 
experimental verifications. When the system is affected by this 
type of disturbance, chattering in states is observed but an accurate 
tracking is guaranteed. Altitude is tracked very well.

Fig. 16: Altitude Tracking Under Unmatched Disturbance

Vertical velocity and rotor angular velocity exhibit chattering but 
the response does not deviate.

Fig. 17: Vertical Velocity Under Unmatched Disturbance

Fig. 18: Rotor Angular Velocity Under Unmatched Disturbance

Fig. 19: Power Rate Control Under Unmatched Disturbance

Even the control signal does not deviate from the actual response 
in spite of large chattering.

VI. Towards Smoother Control
The discontinuous term in the control law leads to chattering, 
i.e., high frequency switching. The problem of chattering can 
be reduced or eliminated if the components used in realizing the 
controller possess smooth characteristics [5]. One such technique 
is to replace the discontinuous term in the control law by its 
continuous approximation. Various sigmoid functions are listed 
below, any of which can be used for such task. We have chosen 
the hyperbolic tangent function to approximate the discontinuous 
signum function.

    (17)

    (18)

    (19)

    (20)

    (21)
Equation (21) is also known as the equation for Quasi Sliding 
Mode.
Another choice may be a function of the form

     (22)
which gets sharper as .
A very common practice is to replace the signum function by 
saturation function.

   (23)
Here  is the boundary layer thickness parameter [5] that can be 
tuned to adjust the accuracy of the approximation.
The magnitude of chattering depends on this design parameter. 
Replacing the corrective control of equation (16) by 

, we have the modified control law as

 (24)
Selectively tuning the design parameters, this law yields a response 
that is shown in fig. 20. It is evident from this
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Fig. 20: Smoother Control

fig. that the band of chattering in the steady state is now eliminated, 
thereby providing with a smooth control signal. The problem of 
chattering can also be avoided using higher order sliding modes 
[15-17]. Performance trade offs should be taken care of using this 
approximation and sliding mode controller should be designed with 
proper tuning and considering the complexity of the design.

VII. Conclusion
Highly nonlinear and coupled system of helicopter UAV pose 
a problem of efficient controller design. Thus, we developed a 
controller based on sliding mode that provides robustness against 
uncertainties and guarantees asymptotic stability as well. The 
controller was implemented using the constant rate reaching 
control which successfully stabilized our control problem and 
provided with very good hovering capabilities of the UAV. 
This response was further improved by incorporating power 
rate reaching control. Undesirable phenomenon of chattering 
was tackled using continuous approximations of discontinuous 
function and smoother control signal was obtained. All the design 
parameters were selectively tuned to yield a good response. The 
advantage of using this type of control is to make the UAV operate 
outside its linear limits.
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