Universal Journal of Electrical and Electronic Engineering 2(1): 30-36, 2014

DOI: 10.13189/ujeee.2014.020105

http://www.hrpub.org

Robust Backstepping Controller for Inner and Outer

Loops Control of a Small-Scale Helicopter

Tushar K. Roy

Department of ETE, RUET, Bangladesh
*Corresponding Author: roy kanti@yahoo.com

Copyright © 2014 Horizon Research Publishing All rights reserved.

Abstract This paper presents an investigation into the
design of a flight control system, using a robust backstepping
control structure, designed using the two-time scale control
procedure of the dynamic of a small-size autonomous
helicopter in hover. The two-time scale controller takes
advantage of the ‘decoupling’ of the translational and
rotational dynamics of the rigid body, resulting in a two-level
hierarchical control scheme. The inner loop controller
(attitude control) tracks the attitude commands generated by
the outer loop controller and sets the main rotor thrust vector,
while the outer loop controller (position control) tracks the
reference position. The controller is designed using the
backstepping method based on Lyapunov function.
Lyapunov function is used to show the robustness of the
proposed control method under the consideration of wind
gusts. Simulation results are finally given showing the
effectiveness of the proposed control and its ability to cope
with external wind gusts on the plant model.

Keywords Helicopter Dynamics, Lyapunov Stability,
Robust Backstepping Control, Uncertainty

1. Introduction

Recently, the core of aerospace industries has moved to
UAV (Unmanned Aerial Vehicle), which is better than
manned aircraft in some respects such as flight stability for
highly dangerous works, physical Limits caused by
long-time flight or sudden maneuver, enormous time and
expenditure cost for pilot training. Among the variety of
Unmanned Air Vehicles (UAVs), unmanned autonomous
helicopters (UAH) constitute one of the most versatile and
agile platforms. A helicopter can operate in different flight
modes, such as vertical take-off/landing, hovering,
longitudinal/lateral flight, and bank to turn which gives them

the advantage of effective observation from various positions.

Among these abilities hovering and vertical take-off is
necessarily needed. Unmanned autonomous helicopter
control system should make these performances achieved by
improving the tracking performance and disturbance

rejection capability in different weather conditions.
Unmanned autonomous helicopter control system should
make these performances achieved by improving the
tracking performance and disturbance rejection capability in
different weather conditions. Therefore, robustness is one of
the critical issues which must be considered in the control
system design for small unmanned autonomous helicopter,
especially those covering large flight envelope. One major
problem rarely addressed by researchers to date is that of a
wind disturbance. To cope with such a problem, researchers
have considered different approaches such as robust
feedback linearization, robust nonlinear Hoo controller [1, 2],
neural network [3, 4], adaptive backstepping [5] etc. This
paper presents a robust backstepping controller design to
stabilize the inner loop and the outer loop of a small scale
helicopter in the presence of external wind gusts. The control
of a hover flight in a gusty environment is always a
challenging control problem due to the inherent nonlinearity,
dynamical instability and unsteady operating conditions. The
position control of a small scale unmanned autonomous
helicopter under the vertical and horizontal wind gusts using
the feedback method is addressed in [6], wherein the wind
disturbance is assumed to be the sum of a fixed number of
sinusoids with unknown amplitudes, frequencies and phases.
In [7], the authors present a robust backstepping technique of
autonomous scale helicopter subject to parameters
uncertainties and uniform time varying three-dimensional
wind gusts. With the assistance of an unknown input
observer technique (UIO), the controller is reported to be
able to handle the effect of these uncertainties on an
autonomous helicopter. A robust H,, controller for a hover
flight is addressed in [8], in which the effects of external
wind gusts are considered within the nonlinear helicopter
model to cause random fluctuations in body velocities.
Position control of a small helicopter using backstepping
controller including disturbance observer and flapping
dynamics is presented in [9]. A robust backstepping
controller to control the lateral and longitudinal position for
hover flight mode of an unmanned autonomous helicopter
(UAH) in a gusty environment is considered in [10], in
which the author considers the linear model of small
helicopter.
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The main contribution of this article consists in proposing
a robust nonlinear control of an autonomous scale helicopter
subject to disturbances as wind gusts. This paper presents a
two layer control structure consisting of an inner-loop and an
outer-loop flight controller for an unmanned autonomous
helicopter. The outer-loop controller is responsible for the
position control along with the altitude, whereas the
inner-loop controller is responsible for the attitude control of
a small helicopter. To design the controller, external
disturbances are taken into account within the system model.
Lyapunov technique is used to show the robustness of the
proposed method under the consideration of wind gusts. In
order to validate the feasibility of the proposed control
method, the computer simulation results are shown.

The rest of this paper is organized as follows. Section II,
briefly introduces the mathematical model used. Section III,
presents the gusts model. Section IV, presents a hierarchical
controller, including an outer-loop and inner-loop controller,
is designed for both subsystems. Section V, discusses
simulation results. Finally, the paper concludes in Section
VL

2. Rigid Body Dynamics

This section displays the 6-DOF dynamic model of a
miniature helicopter. The nonlinear rigid body dynamics of
the UAV helicopter in terms of translational and rotational
dynamics can be expressed by the following Newton-Euler
equations:

$=Vv (1
mV =R f, +mge, 2)
n=rw 3)
lo=wxIwo+ M 4

where, m is the total mass of the UAV helicopter, / is the
inertia matrix, @ =[p, q,r]" represents the helicopter
angular rate vector. The gravitational force mge; is
explicitly included where, e, is a unit vector with one in the
third place. The Euler angle vector 7 =[g@, 6, ] is
defined in the roll-pitch-yaw sequence. Therefore, the
helicopter’s rotation matrix R in terms of Euler angles is
given by [5]

CoC,  S589C, —CyS,  CySyC, +5,8,
R=|cys, 8455, tC4C, €485, —8,C, (5)
— S, 854Cq C4Cy

Where c(.), s(.) are abbreviations for cos(.), sin(.) . A
conventional single main rotor helicopter has four
independent control inputs. The control inputs are defined as

u, =[T,,T,,a,,b]" - The components 7, and T; are the

magnitude of the generated thrusts, respectively by main and
tail rotor. In helicopters and RUAVs, the dominant response

is due to the main and tail rotor. a; and b, are longitudinal and
lateral flapping angles to the tip path plane of the main rotor
with respect to the shaft, respectively. For the purpose of
simplification, most of the researchers design the controllers
by only considering the main and tail rotor and ignore the
horizontal stabilizer, vertical stabilizer and fuselage
stabilizer. The force generated by main rotor f, along the (x,,
Wi, 2zp) direction in body coordinates can be written as:

]Fb :[Xm’ Ym’ Zm]T

The following are the force components due to main rotor
thrusts

X, =-T, sin(a,) (6)
Y, =T, sin(b,) @)
z, =-T, ®)

The tail rotor generates force in y; direction only.
Therefore, the force generated by the tail rotor is given by

[Xt’Y'[’Zt]T :[Oa_la O]TI;

Therefore, by including the helicopter’s weight the
complete force vector will be

—T,sin(a,) 0
f, =| T, sin(b)—T, |[+R"| O
-T m

And net moments acting on the helicopter are described as

L Lb+Y M_+T1,T,
M=|R|= M,a +X, M.

N M,+Y, M +T,T,

(10

where L;,, M, are the effective flap-stiffness constants. The
main rotor lengths M,, M, and tail rotor lengths T, T, are with
respect to the center of mass of the body. There exit a simple
relation [5] between M, drag vector and main rotor thrust 7.
The relation is given as follows:

M,=C,T,"" + D, (11

m* m

where - _ 1 is the coefficient expressing the

Q\2p 4
relation between main rotor thrust and drag; D,, is the initial
drag of the main rotor when the blade pitch is zero. The
aerodynamic forces and moments due to empennage and
fuselage are negligible in hovering and low-velocity flight
thus they are neglected for the controller design.

3. Gust Model

The purpose of including wind gusts into the simulation
model is to ensure that the design controller can cope with a
real-world environment where wind effects can be a
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significant challenge to station keeping. For analysis of
RUAYV, wind gusts can be treated as either random (spectral
turbulence) or discrete. For random gusts, typical spectral
models include the Von Karman and Dryden turbulence
models. The Von Karman model has been widely considered
the more "realistic" model when it comes to defining
turbulence spectra. However, due to the computational
complexity of the Von Karman model, the Dryden model is
typically used in aerospace vehicle analyses. There are many
sources for wind models based upon empirical data that
consist of passing band limited white noise through
appropriate forming filters. The turbulence models are scaled
with respect to RUAYV altitude, velocity, wing span. The
filters used to generate the Dryden spectral model of
atmospheric disturbance [11] are given by:

H,(5) = 0| e o
U 1+—*=s
v (12)
3 LB (13)
. U
H (s) =0, >
U L
(1+ “sj
3 (14)

3L,
7 1+——*s
H, (s)=o0, = L
U L
1+—25
U

where, U is the true speed of a RUAV, ¢,, and g, are the root
mean square intensities of the turbulence and L, L, and L,
are the turbulence scale lengths that describe the behavior of
the wind gusts. In this work, the scale of turbulence, Z,, and
L, are assigned constant values of L,= L,=722.5m and L ,=h.
And for the low altitude region (altitude < 1000ft) the o,, o,,
and o, turbulence intensities are given by

o, =0.1W,, 15)
Oy _Oy _ 1 (16)
o, o, (0.177+0.0008234)°*

where, W, is the wind speed at 20 ft (6m) above the ground
and can be approximated by U and altitude is described by 4.
In this paper, we consider a typical level of wind speed is 3
m/s and altitude is -2 m.

4. Backstepping Controller Design

In this section, a hierarchical inner-outer loop approach is
used to design the controller for a small helicopter. In this
control structure, the RUAV system is stabilized in the
inner-loop and then it is driven to track a desired position
along with the altitude in the outer-loop.

A. Outer-loop controller design

In this section, a robust backstepping controller will be
designed to keep the position of a small helicopter in a
desired way. Theoretically speaking, our aim is to design a

control law u, = {¢,,0,,5,,} , such that ¢ — g, as
t — oo in the presence of external disturbance, where ¢
is the desired position. Now the translational dynamic of the
helicopter system is given by

c=v

mV = Rf, +mge, +d (17)
where, d is the external disturbance.

An original control strategy is proposed by combining an
appropriate backstepping control with the use of a Lyapunov
function allowing the attractive domain to be computed
analytically

Step 1: The design process starts with the definition of the
position tracking error and its derivative is as follows:

Z1=676,
z, =V (18)

Here, V'is considered as a virtual control and Vd is defined
as the virtual control law in Eqn. (18). Let z, be an error
variable representing the difference between the actual and
virtual control of Eqn. (18) ie., z, =V -V, V =z, +V,.

Therefore, 2z, =z, +V,

In this step the control objective is to design a virtual
control law V; which would make z,—0 as ¢ — 0.

Now, consider a control Lyapunov function
1
W=—z 1TZ 1
2
And its derivative is,
- T . r T
W=z z, W=z (z,+V,)

Now select an appropriate virtual control V', which would
make ¥, < 0.
A possible choice is

V,=—a,z 19
Then the time derivative of W, becomes
Vi/l = ap ZITZ1 —+ ZITZ2
Clearly if z, =0 then W1 _— Z1T21 <0
Now the time derivative of the (19) is as follows,
Vy=-o,z,V,=—a, V (20)

Step 2: The error dynamic is derived for z, =) -,
and its time derivative is given by,
z,=V-V,
W

d
Z, =R+ ge;+—+a,V @
m m
Now a Control Lyapunov function (CLF) 7, as follows,
w,=w,+ %erzz

And its time derivative is,
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. . r.

W,=W +z, z,

W2 =—ozpz,TzI +z,Tz2 +22T(R£+ge3 +a V)
Backstepping algorithm stops at this step because control

input be of translational dynamics appears.
Now

Rf, =—m|z, +a, V+pB,z,+ge

R (22)
+ A+ Fsgn(z,)]

where, Aequal to an estimate of the unknown parameter

d .. .
A = — . The estimation error on A is assumed to be

m
bounded by knowing constant F, thatis | A — A |< F. Then
the time derivative of W, becomes

W, =—a,z"z - B,2, 2z, +z," (A= A— Fsgn(z,))<0

Where, the sign is Signum function and it is given as follows:

+1 if z,>0
sgn(z,) =40 if z,=0
-1 if z,<0

Now the derivative of the final CLF is negative definite,
the system will be stabilized at its equilibrium point.
B. Inner-loop controller design
The dynamics of rotational motion of a rigid-body
helicopter under external wind gusts can be described by the
following equations
n=rnw
Ilo=—-oxIo+M +M

wind

(23)

where, M,;,, represents the moment due to the external

disturbance.

Step 1: The design process starts with the definition of the

attitude tracking error i.e.,
n=n-n, (24)

Now, consider a control Lyapunov function (CLF)
1 T
W=501=1,)" K,(1=11,)

Where, K . is a positive definite matrix. The time derivative
of W, is

V'Vl :ﬁTKr]ﬁﬂ
= (mw) K,
If
w=w,=0 Then W, =0. (25)

The process of backstepping continues by defining error
e =w—m,; and having another control Lyapunov
function as follows:

W, =W, +%ef1el
And its time derivative is given by,
W, =W, +61T1é1
= (mw) K7 +¢ (~oxIo+M +M,,,)
=7 (e +a)d)TK,777+elT(—a)><]a)+M+Mwmd)
= wdTﬁTK”77+elT(7zTKni7—a)x lo+M+M,, ;)

Now
M=woxIlo-M,,, -z K, ij — Fsgn(e
wind 7777 g ( 1) (26)
where, M wing €qual to an estimation of the unknown

parameter M The estimation error on M is

wind * wind

assumed to be bounded by known constant F, that is
| M -M

becomes

W,=w, 7K+ elT(M

< F. Then the time derivative of W,

wind wind |—

wind Mwmd F Sgn(el ))

Hence, uesing Schwartzinquality, we have

W, <0, 7" K i +[e|M g =M |~ Fle|

T T ~ N
< Do 7 K”n _|e1|[F - Mwind _Mwind ]
Since, | wind _Mwind |S F.
So,
w, <0. o

Now the derivative of the final CLF is negative definite, the
system will be stabilized at its equilibrium point.

5. Simulation Result

In this section, the simulation results are presented to
investigate the performance of the proposed control
algorithm to control of a Vario helicopter based on
simulation parameters consistent with those employed in real
applications. The control strategy is simulated for hovering
flight at constant altitude. The helicopter initial and desired
positions are set to x=0 m, y=0 m and z=-2 m. The robust
backstepping controller is designed to hold this position. The
roll angle trim ¢, is initialized at 4.5 to compensate the
tail rotor thrust. The heading of the Vario helicopter is
initialized aty, . = 0 to point in the North direction. The
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dynamic model in Eq. (1)-(4) is implemented with the
parameters listed in Table I. In order to verify the robustness
of the proposed backstepping controller for position control
of a hover flight, the bound on the external uncertainty is
found F = 0.3 m/s” based on the accelerations and moment
variation, respectively. The simulation result of the robust
backstepping controller for position control is presented in
Fig.1. The position of the Vario helicopter drifted
approximately 0.2 m in y direction up to 3s from the
beginning of the simulation and stayed approximately at -2
m above the ground. The drift error of the Vario helicopter in
x, y, and z direction shows that the helicopter can hover at the
desired position in the presence of external wind gusts. The
linear velocities are illustrated in Fig.2. It is clear that the
linear velocities are settled to approximately 0 m/s at about
3s after the start of the simulation in y and z direction,
respectively and 0 m/s in x direction from the beginning of
the simulation.

Table 1. Parameter of the vario helicopter

Parameter Description
a=5.7 Lift curve slope
b=3 Number of blades

m=27.738(Kg) Vario helicopter mass

Q =850 (rad/sec) Main rotor speed

Q,=4598.5(rad/sec) Tail rotor speed

R=1.25 (m) Main rotor radius

R, =0.42(m) Tail rotor radius

I.=12.3 (KgAmz) Rolling moment of inertia

1,=18.7(Kg.m?) Pitching moment of inertia

L.=6.6(Kg.m?) Yawing moment of inertia

p=1.25 (Kg/m®) Air density

M,.=0.03m Main rotor x coord w.r.t C.G
M,=-0.0029m Main rotor y coord w.r.t C.G
M.=-0.3321m Main rotor z coord w.r.t C.G

T,=-1.44m Tail rotor x coord w.r.t C.G
7,=-0.0029m Tail rotor y coord w.r.t C.G

7.=1.1379 m Tail rotor z coord w.r.t C.G
C,»=0.076m Main rotor blade chord
C,=0.043m Tail rotor blade chord
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Figure 1. Vario helicopter position response in hover flight
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Figure 5. Wind gusts to test controller

Therefore, from the simulation results, it is obvious that
the proposed controller is able to achieve the desired position
along with altitude in the presence of external disturbances
and stabilized the helicopter in hover flight. The attitude
responses of the helicopter during hovering flight are shown
Fig.3 and it is clear that the angles converge to almost desired
values. The control inputs obtained using robust

backstepping are shown in Fig.4. They have not exceeded
the constraints of the helicopter. The Dryden gust model
shown in Fig.5 has been used in the simulation to test the
controllers.

6. Conclusion

This paper has proposed an original approach, based on
hierarchical structure (inner and outer loop) robust
backstepping control law to track a hover flight trajectory
with a 6-DOF nonlinear dynamics of miniature VARIO
helicopter in the presence of non-constant wind gusts.
Simulation results demonstrated that the proposed robust
backstepping controller is able to attenuate the gusts effects
in a hover flight condition and reached the desired position as
well as attitude. This new method combines the advantages
of both for the inner loop and for outer loop; particularly it
will be simple and easy to implement and tune in the future
real flight test. Future works will deal with the
implementation of the proposed autonomous flight control
method on the real system and flight test to prove its
feasibility in real applications.
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