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Abstract: The robotic airship can provide a promising aero-
static platform for many potential applications. These applica-
tions require a precise autonomous trajectory tracking control for
airship. Airship has a nonlinear and uncertain dynamics. It is
prone to wind disturbances that offer a challenge for a trajectory
tracking control design. This paper addresses the airship trajec-
tory tracking problem having time varying reference path. A
lumped parameter estimation approach under model uncertain-
ties and wind disturbances is opted against distributed parame-
ters. It uses extended Kalman filter (EKF) for uncertainty and dis-
turbance estimation. The estimated parameters are used by sli-
ding mode controller (SMC) for ultimate control of airship trajec-
tory tracking. This comprehensive algorithm, EKF based SMC
(ESMC), is used as a robust solution to track airship trajectory.
The proposed estimator provides the estimates of wind distur-
bances as well as model uncertainty due to the mass matrix vari-
ations and aerodynamic model inaccuracies. The stability and
convergence of the proposed method are investigated using the
Lyapunov stability analysis. The simulation results show that the
proposed method efficiently tracks the desired trajectory. The
method solves the stability, convergence, and chattering prob-
lem of SMC under model uncertainties and wind disturbances.
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DOI: 10.23919/JSEE.2024.000017

1. Introduction

Unmanned aerial vehicles (UAVs) are the focus of inter-
est for researchers and developers around the world due
to their enormous applications in the military, agriculture,
and commercial sectors. UAVs cover a larger variety of
aerial vehicles including fixed wing aircraft, quadrotors,
and airships. Among them, airships are the typical type of
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lighter than air vehicles that take its most of lift from
aerostatic forces. An airship has a prominent future due to
their unique properties and their suitability for many
potential applications. It can be used as an observation
platform for forest monitoring. Airship can be utilized as
a platform for military surveillance as well as scientific
monitoring. Because an airship uses the minimum power
to stay aloft, it can be operated for a prolonged period as
a data collection platform [1].

They may provide a platform for agriculture monito-
ring equipment at low altitudes for pests, weeds, and crop
data collection [2]. These applications require auto-
nomous missions that include trajectory tracking, and
path following. In trajectory tracking, an airship is
required to follow a predefined path in a specific time. In
path following, an airship is required to follow a certain
predefined path without any time constraints. For the suc-
cessful execution of the autonomous missions, it is
required to develop an efficient and reliable control and
navigation system for an airship. An airship trajectory
tracking control design is a bit difficult due to its slow
and highly coupled nonlinear dynamics. The difficulty
level further increases due to its lighter than air nature
because it is severely affected by wind disturbances.
Model uncertainties are related to mass matrix variation
in an airship model. Unknown aerodynamic model
parameters also affect an airship controller performance
in a similar way. Many contributions can be found in lit-
erature that discuss different control methods for airship
trajectory tracking.

Linear control methods use the system linearized
model and systematic rules for the design and analysis of
the control system. In linear control methods, propor-
tional-integral-derivative (PID) controller is designed for
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an airship trajectory tracking [3]. Chen et al. designed a
composite control scheme for airship trajectory trac-
king that consists of PID and dynamic inversion con-
troller for improved performance [4]. However, the PID
controller cannot ensure control capability for differ-
ent operating conditions. Moutinho et al. linearized the
AURORA airship model, and separated its longitudinal
and lateral dynamics; based on this reduced model, a
dynamic inversion controller is implemented [5]. How-
ever, this control method does not apply to all operating
points due to neglecting the dynamic nonlinearities and
coupling between longitudinal and lateral dynamics.

Apart from linear control methods, researchers have
used model predictive control (MPC) and optimal con-
trollers with a linear model for airship planar trajectory
tracking and control of ground vehicles [6—9]. However,
in [6] no mechanism for evaluating the controller under
the stratospheric environment was mentioned. Too much
dependence on operating space affects the performance of
linear MPC. A nonlinear MPC is designed for airship
spatial trajectory tracking while handling operating space
limitations. Model predictive controllers solve an opti-
mization problem on each sampling instant. The com-
plexity of the algorithm increases with each additional
state that makes it computationally intensive and restrains
its use in real-time scenarios [10]. Due to these limita-
tions, other nonlinear controllers are used for the airship
trajectory tracking. Gain scheduling controller, backstep-
ping controller, and sliding mode controller (SMC) are
commonly employed to address these limitations. Gain
scheduling technique was used for complete flight enve-
lope under the project autonomous unmanned remote
monitoring robotic airship (AURORA) [11]. In gain
scheduling control methodology, the system model is li-
nearized for different operating points. The controller is
synthesized for each vertex and interpolation is used for
the intermediate points between vertexes. The comple-
xity of the controller synthesis increases with the number
of operating points hence in certain cases the controller
becomes infeasible. Therefore, many researchers have
preferred other nonlinear control approaches for airship
trajectory tracking.

A command filtered vectoral backstepping controller is
designed for a stratospheric airship to track the three-
dimensional (3D) trajectory. The command filter is used
to smooth controller input derivatives for the backstep-
ping approach employed to reduce the tracking error. The
conventional backstepping method achieves robustness
through high controller gain. Although the high con-
troller gain ensures the robust performance of the con-
troller; however, deteriorates the nominal performance
[12,13]. In such cases, model deficiencies are handled

through an adaptive and neural network based adaptive
backstepping controllers [14-16]. Researchers have
reported that the performance of the adaptive backstep-
ping algorithm strictly depends on the initial bias and dis-
turbance. If the initial bias and disturbance are large, the
method may go unstable [17]. The use of a backstepping
controller is problematic because of an “explosion of
terms” in its control law, which depends on the size of the
system.

SMC is designed for airship planar trajectory tracking
under the project AURORA using linear longitudinal and
lateral models. Longitudinal model is used for maintai-
ning certain height of the airship and lateral model is
incorporated for reducing tracking error. As model used
for the controller design is linearized for airspeed of
2 msfl, so global behavior may not be guaranteed. Also,
the discontinuous nature of SMC as well as the imperfec-
tions in the physical system induces high-frequency oscil-
lations in control input called chattering. In airship con-
trol, chattering might cause damage to actuators and air-
ships body. Attenuating the chattering is the emphasis in
sliding mode control. Also, the reaching phase of the con-
troller is sensitive to the model uncertainties and external
disturbances. It degrades the performance of the con-
troller. In certain cases, it may cause a stability problem
for the system.

An airship model is usually affected by mass matrix
variations, aerodynamic coefficients uncertainties, and
wind disturbances. To handle the model uncertainties and
external disturbances, the SMC method is applied with
modifications for airship trajectory tracking. In these
modified methods, usually neural network (NN), fuzzy
logic (FL), and adaptive methods are utilized for the
approximation of model uncertainties and external distur-
bances [18-26].

Adaptive SMC is designed for airship trajectory track-
ing where the adaptive term is used to approximate the
model uncertainties. An adaptive law is also designed to
tune the SMC gains to solve the chattering issue and to
ensure the robustness. Apart from that, fuzzy logic and
neural networks-based SMC methods are also applied for
airship trajectory tracking where these terms are used to
estimate the model uncertainties as well as wind distur-
bances. The existing literature for airship trajectory track-
ing control based on adaptive or intelligent methods to
handle the model uncertainties and wind disturbances
offers good convergence properties. However, they rely
on accurate state information. While in practice states
may be affected by sensor noise, sensor bias as well as
the state information can be unavailable in the case of
sensor failure. Also, the authenticity, comprehensiveness,
and reliability of the data used for NN training are cru-



244 Journal of Systems Engineering and Electronics Vol. 35, No. 1, February 2024

cial. In case all the scenarios of the workspace are not
covered in training data then it will not perform for the
missing scenarios. The data for the missing scenario need
to be estimated by using some estimator.

In order to avoid computationally intensiveness and
limitations of existing nonlinear control methods,
extended Kalman filter (EKF) based SMC (ESMC)
method is proposed for efficient and reliable trajectory
tracking of a robotic airship. In the proposed work, a
lumped approach as suggested in our previous work [27]
for the unified estimation of deficiencies of the airship
model, parameter variation, wind disturbances, and air-
ship states using Kalman filter algorithm is used here
with SMC for airship trajectory tracking. The proposed
estimation method provides the combined estimate of air-
ship states, change in the model due to mass matrix
parameter variation, aerodynamic model deficiencies, and
wind disturbance. The closed-loop stability and conver-
gence of the proposed method are proved by using the
Lyapunov theorem. The effectiveness of the proposed
method is demonstrated through extensive numerical sim-
ulations where controller performance is evaluated under
three different cases. In the first case, airship mass matrix
parameters are varied. In the second case, aerodynamic
model parameters are changed during airship flight. In the
third case wind disturbance is considered. The results
indicate that the ESMC method is not only robust against
model uncertainties, but also alleviates the chattering
issue and ensures good performance. The comparative
simulations against SMC verify the advantages of the
ESMC method.

The rest of the paper is organized as follows: In Sec-
tion 2, airship nonlinear 6-DOF model is presented, and
suitable assumptions are made for the incorporation of
model uncertainties. In Section 3, the trajectory tracking
problem is formulated, modelling of model uncertainty
using a lumped approach is introduced, SMC design,
ESMC design, EKF design, and EKF convergence are
discussed. Section 4 discusses the simulation results
where three different cases are considered for the rigor-
ous performance evaluation of the ESMC method. Sec-
tion 5 gives some concluding remarks.

2. Airship 6-DOF nonlinear model

Fig. 1 shows an airship having an ellipsoidal envelope. It
is filled with low-density gas such as helium. An airship
has a gondola under the envelope that carries autonomous
flight control equipment, batteries, and the payload. It has
two propellers on both sides of the gondola to provide the
necessary thrust for an airship motion. Airship has two
rudders and two elevators in the plus configuration on the
tail. They provide the aerodynamic control force neces-

sary for an airship maneuvering in cruise flight. A pro-
peller at the bottom rudder of an airship enhances the yaw
control. The introduction of two reference frames enables
us to develop airship nonlinear modelling equations. The
inertial frame is located at a fixed point on the earth. The
local reference frame inflicts at the center of volume
(CV) of an airship [28].

Fig. 1 Coordinate system of an airship

Airship position and attitude are expressed with respect
to the inertial frame and represented by X =[x,y,z] and
0 =[¢,0,y], respectively. Airship linear and angular
velocities aligned with local reference frame have a rep-
resentation of v = [u,v,w] and 2 = [p,q,r], respectively.
Let x, be the state vector representing the airship posi-
tion and attitude. x;, is a state vector representing airship li-
near and angular velocities. Then the nonlinear state-space
representation of an airship model can be expressed as

{Xl = R(@)xz

_ _ _ _ 1
Xo=M'(Fp+Fus+F.p+By+U) M

where x; € R®™ =[x,y,2,6,0,¥], x,€ R =[u,v,w,p,

q,r], R(@) € R® is the rotation matrix, jf ¢ R6*6 is the
airship mass matrix, f, ¢ R®! is the dynamic force and
dynamic torque vector. f,, e R®*! is the aerostatic force
and aerostatic torque vector. Fyy € R®™! is the vector of
wind disturbance. 7, e R®! is the aerodynamic force
and aerodynamic torque vector. U € R®! is the general-
ized control force and control torque vector.

The description of the mass matrix is

m, 0 0 0 mys 0
0 m,y 0 Moy 0 Nlyg
r 0 0 m, 0 mss
M=l o o 0 J 0 - | @
ms; 0 ms; 0 J
0 Nisy 0 _sz 0

The mass matrix contains the airship actual mass and
inertia as well as the added mass and inertia terms. The
added terms come due to the mass of air displaced by the
airship. Equation (3) gives a description of the dynamic
force vector. The dynamic force vector summarizes the
forces, torques acting on airship due to centrifugal, and
Coriolis effects.
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—mwq+myv+mla,(¢* +r*)—arp]
—maur+m.pw+m|-a.pq—a.rq|
—-myyp+mqu+m|-a,rp+a. (g +p?)]
—(Jz—J,\A)VQ"'szPC]"'maz(W—PW) (3)
~(L=L)pr+J (rP=p*)+--
mla,(vp—qu)—a.(wg—rv)]
L _(J}'_Jx)qp_szqr_'-m[_ax(ur_pw)] |

Equations (4) and (5) give the aerostatic and aerody-
namic force vectors.
-(W-B f) S
(W —=By)cesy
(W= By)coes
aWeys,
—(a,W —=b,Bs)sy—(a,W —b,Bf)cycy
a,Wceys,

F AS = (4)

where W is the airship weight, B, is the buoyancy force,
{a.,a,} are the coordinates of the center of gravity (CG)
of the airship with reference to the CV and {b,,b.} are
the coordinates of the center of buoyancy of the airship
with reference to the CV. The notation s,,c(,,#., are used
for sin(-),cos(-) and tan(-) respectively.

Cxiclcy+Cxa828s
CyicppSap+Crasay+Crssgsiy
C1Co2820 + CaS20 + C 3808y

CraspSis
CuiCa2820 + CraS20 + Car3 8o S
CricgpSop+ CnaSop + CrszSpSig

where  f(V,) =1/2pV2, V, = /(> +2 +w?), a is angle
of attack, C;;(i=X,Y,Z,L,M,N;j=1,2,3,4) is the aero-
dynamic coefficient.

Remark 1 Airship roll angle and pitch angle satisfy

T T
the bounds {|¢| < §;|9| < 5}, which ensures the non-sin-

gularity of the rotation matrix.

Assumption 1  Airship CG point lies beneath the CV
and its center of buoyancy is coincident with the CV.
The airship is in a neutral buoyancy state such that its
weight and buoyancy are equal. Consequently, the aero-
static forces do not affect the horizontal dynamics. The
given 6-DOF equations ignore the aeroelastic effects and
consider the airship as a rigid body. However, the con-
troller design considers these effects as model uncertain-
ties.

Assumption 2 Airship mass matrix terms, m, = m,y+
My, My =My +My, M, =Mo+Mp, Jo=Jo+Jn, Jy=
Jo+ T, J.=Jo+ T, Jyw=Juo+ Ja, are uncertainty
terms, where m.g, Mo, My, Jyo, Jy, Jo, Jio are known
part and m., My, M, Jip, Jyn, Joa, Jra, are unknown
part. However, the unknown part is bounded by some
upper bound, M., My , M, T, » Toa > Jon s Jn > Mija-
The aerodynamic model coefficient C;; = Cijo+Cin(i =

FAD = f(Vr) (5)

X,Y,Z,L,M,N;j=1,2,3,4) are uncertain, where C;j is
the known part and C;, is the unknown part. The
unknown part is bounded by some upper bound Ciin-

3. Controller design for trajectory tracking

Trajectory tracking control is the task of tracking a prede-
fined time-varying reference path within a specific time.
Let x4, x; represent the reference trajectory and actual
trajectory, respectively, where X, = [X4,YasZa>Pa>Oa>Wal
and x; = [x,y,2,¢,0,¥].

The trajectory tracking controller aims to bring the
error equal to zero asymptotically, that is, x, = x; —xy,.
Fig. 2 gives a visual representation of a trajectory-track-
ing problem.

A ZL‘

rn><V

Y,

Xiq

Fig. 2 Visual representation of a typical trajectory tracking prob-
lem

The equality formulation of the problem is as follows:

limx, = lim|x; — x4 = 0. (6)

t—0o0 t—0o0

Among the nonlinear controller options for the airship
trajectory tracking, SMC 1is one of the simplest
approaches. SMC is a variable structure control method.
It alters the dynamics of the nonlinear system by apply-
ing a discontinuous control signal that forces the system
to “slide” along the system’s normal behavior [29]. SMC
design can be broadly categorized into two parts. The
first part deals with the designing of a sliding surface
with desirable attributes like tracking and stability. The
second part entails the designing of discontinuous con-
trol law that makes the sliding surface an invariant set.
This control law also ensures that the sliding surface is a
finite time reachable.

3.1 Model uncertainties
lumped approach

representation using

A lumped approach is introduced where a term AFy, in
the airship model covers the model uncertainties. The
modified model incorporating uncertainties is repre-
sented by
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% =R(@)x;
{J’:zzM‘(FD+FAS+FAD+U)+AFMu @
where
AFy, = M (FD +Fyg+Fuap+Fy + U)—
M (Fp+Fs+Fup+U). (8)

The terms M, Fp, Fs and Fp are defined in (2)—(5),
respectively with nominal values as given in Assumption 2.

3.2 SMC design

The estimation error is defined as
Xe =X —Xg- ©

The error based linear hyperplane is defined as a sli-
ding surface as follows:

S =1x,+ax, (10)

with a = diag(a,,a,,a;,a4,as,as). These terms are tun-
ing variable and required to be positive to ensure the con-
vergence of error to zero. After the design of the sliding
surface, appropriate reaching law is chosen. The reach-
ing law ensures that trajectories will converge to the slid-
ing surface and will stay there. Here the simplest reach-
ing law —KtanhS§ is adopted with hyperbolic tangent as a
switching function. K = diag(k;,k, k3, k4, ks, ks) is the con-
troller gain, which is positive and can be tuned heuristi-
cally; however, as for SMC the uncertain term AF), is
not available. For robustness to prevail, Assumption 3
should hold for SMC.

Assumption 3 It is assumed that there exists a posi-
tive number y such that the uncertainty [|AFy,|l <y, and
controller gain ||K|| > y.

For the trajectories to reach the sliding surface, the
reachability condition should be satisfied, i.e., $$ <0.
For the validity of the condition, $ is selected as
—Ksign(S), where sign(-)is a signum function that is
zero at S = 0, one at S > 0 and negative one at § <0.

Now, using (7) with the availability of bounds on
AF\y,, as defined in Assumption 3 and reachability condi-
tion, the control law will be

U=MR(®)"' (-KtanhS - R(0)x, + ¥\, - ax,) -
(Fp+ Fap+Fys). (11)
Theorem 1 The airship model given in (7) with the
sliding surface of (10) and control law given in (11),

asymptotically stabilizes the closed-loop system.
Proof Select the Lyapunov function as follows:

1
V=28'8>0. (12)

Equation (13) is derived by differentiating (12) and
expanding the terms.

V=S"S =S"[#¥ +ax.] (13)

Equation (14) is derived by taking double derivative of
).

¥, = ¥ — ¥y (14)
Equation (15) is derived by using (7).
¥, =RO)x, +R(O) X, ¥, =
R(O)x,+R(O)M ' (Fp+Fys+Fup+U)+
R(O)AFy, — %\, (15)

Substitution of (15) into (13) gives

V:ST[R(Q)x2+R(9)M71(FD+FA5+FAD+U)+
R(O)AF\, — X, +ax,]. (16)

Substituting control law in (16) and simplifying:
V = —-S"[KtanhS — R(O©) AFy,,]. (17)

Lyapunov condition is applicable for the inequality
K> .

V =-S"[KtanhS - R(@)AFy,]1 <0, S(t#0). (18)

O

Remark 2 The SMC controller given in (11) ensures

the Lyapunov stability of the airship. The trajectory track-

ing error will asymptotically converge to zero within a
finite time for the given bounds.

3.3 ESMC design for airship trajectory tracking

The bounds given in Assumption 3 undermines the per-
formance of sliding mode controller. Estimation of model
uncertainty and wind disturbance will ensure the perfor-
mance of SMC beyond the given bounds. EKF is used to
estimate the lumped model uncertainties and wind distur-
bance in the proposed algorithm.

Discussion: In the proposed ESMC method, EKF is
designed to estimate the effect of model uncertainties and
disturbances on the airship dynamics. It has been seen
that for the airship trajectory tracking problem the con-
ventional sliding mode controller performance is go-
verned by the accurate model of the airship. In the pre-
sence of uncertainties and disturbances the conventional
SMC performance deteriorates. However, If the con-
troller is provided with a signal that encapsulates the
lumping of model uncertainties and wind disturbance,
then the performance of proposed ESMC is improved in
term of robustness.
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The discontinuous function in the SMC is the main
source of chattering phenomena. In the proposed work,
the signum function is replaced with tangent hyperbolic
function along with the selection of small gains [29].
Moreover, the chattering reduces considerably, and the
robustness increases if the controller is provided with
lumped disturbance and model uncertainty information.
This is because the gain can then be reduced, which res-
ults in improved performance with respect to chattering.

Fig. 3 shows the block diagram of the proposed ESMC.
SMC is fed by reference trajectory and the estimate of
airship states, model uncertainties and wind disturbance.
The SMC calculates the control input and provides it to
the airship system. In response to the control input, the
airship tracks the desired trajectory effectively.

Airship simulator

ESMC

Airship dynamic
model

Reference
trajectory

Q@ =

Airship model
uncertainties and
wind disturbances

estimation algorithm
AFy, based on EKF

SIS NGNH

Fig.3 Block diagram representation of proposed ESMC algorithm

Fig. 4 gives the flow chart of the proposed algorithm
for efficient trajectory tracking of an airship.

Initialize airship
simulator:
XX, k=t o
le
v F,
Airship
simulator ¢ )
l X e
> EKF
l AFy, X, X,
Desired
SMC X4 trajectory

Fig. 4 Flow chart for the proposed airship trajectory tracking con-
trol algorithm

The airship simulator is initialized with initial values of
position, attitude, linear, and angular velocities. Table 1
shows the possible initial values to be used in the airship
simulator.

Table 1 Initial conditions for airship simulator
State Symbol Value
Position/m Xo [-20,400,80]
Attitude/rad o)) [0,0,0.484]
Linear velocity/ms ' Vo (5,0,0]
Angular velocity/rads | 2 [0,0,0]

In the next step, the airship simulator receives control
inputs, an information of wind disturbance and airship
model parameter variations due to uncertainties. The esti-
mates of position, and attitude from airship simulator are
given to the EKF block [30]. EKF block implements the
estimation algorithm that is based on the airship modi-
fied model given in (22) to estimate the airship state vec-
tor and model uncertainty vector. The EKF estimates the
states and unknown parameters in the model on the bases
of control input and sensor measurements. The informa-
tion regarding states and unknown model parameters is
given to SMC. The SMC block implements the proposed
trajectory tracking control method. It utilizes the esti-
mates of EKF and the desired trajectory and its deriva-
tive to calculate the control action. The stopping criteria
of the algorithm depend on the total trajectory time and
sampling rate, the relation for 7,4 can be given by

tdesired
tcnd = Iy T TS (19)

where f4..q denotes the desired trajectory time,
denotes the start time of simulation experiment, 7,
denotes the sampling time, and ¢.,4 denotes the end time
of simulation experiment.

3.3.1 EKEF design for airship model uncertainties and

wind disturbance

EKF algorithm is a nonlinear extension of the famous
Kalman filter. It gets the first-order linear approximation
of the nonlinear system at each sampling time. For this
sampling time, it acts as a linear Kalman filter. It is uti-
lized widely in number of real-world applications for the
estimation of unknown and un-measurable system states,
unknown parameters, faults, and disturbances. For the
application of the EKF algorithm, it is necessary to repre-
sent the nonlinear system in the state-space form. More-
over, additional state variables are introduced for the esti-
mation of unknown parameters or disturbances.

In the proposed work, six augmented state variables are
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introduced for the estimation of the airship model uncer-
tainty vector AF),, as defined in a lumped approach. A
system model given in (7) is modified for the application
of the EKF algorithm.

Equation (20) introduces the augmented state vector.

AFy,=| AF, AF, AF, AF, AF, AF, | (20)

The compact representation for dynamic, aecrodynamic,
aerostatic, and control input vectors is given:

F=FD+FA5+FAD+U. (21)

Using (20), (21) and (7), airship modified nonlinear
model in state-space form is represented by

X R(O) O Oy X2
X, =| Oge M I F
AFy, Oss  Osxs  Opxs AFy,

where Ig represents an identity matrix and Ogys 1S a
matrix having all zero elements. The modified airship
model state vector consists of eighteen state elements,
and it is defined by

X=[X & v @ AFy, |. (23)
The state measurement vector can be defined by
Y=CX=| I O |X. (24)

Equation (22) represents the continuous-time state-
space representation of the airship model. Its compact
representation is given by

X=7XU). (25)

For the discrete-time EKF algorithm implementation,
explicit first-order Euler integration is performed on (25).
Moreover, it is augmented with process and measure-
ment noise. The discrete-time representation of the model
(25) is given by

X =IX + T, f (X;., Up) + W, (26)

Y=CX+W,, 27)

where X represents the discrete-time state vector, T is
the sampling time, W, is the process noise vector,
and W,, is the measurement noise vector.

EKF algorithm implementation is divided into two
steps: prediction and correction. The process noise and
measurement noise covariance matrixes are represented
by Q and R, respectively. P, is the state error covari-
ance matrix. The prediction and correction steps for each
sampling instant are explained in the flowchart, as shown
in Fig. 5. Prediction is divided into two steps: in the first
step, states are predicted for the next sampling instant

using the previous state estimates. In the second step, the
state error covariance matrix is predicted for the next
sampling instant using the model Jacobian matrix and
process noise covariance matrix. Correction is accom-
plished using three steps. In the first step, Kalman filter
gain K is calculated using the predicted state error covari-
ance matrix. In the second step, states are corrected using
available measurements and Kalman gain. In the third
step, the prediction of the state error covariance matrix is
made.

lpitializc:
Xo.Py,Q.R
]Ftslarl
| P
v

| Prediction |

|

| Correction |

Fig.5 Flow chart for the EKF algorithm

The prediction and correction steps use the following
set of equations.
Prediction The prediction step is governed by

Xkﬂ = f(XhUk)’ (28)
Py, = ¢kpk¢};+Q
&, = af(Xk,Uk)lA ’ (29)
T, ™
Correction The set of equations for the correction
step are given as
K., = i)kHCT(CPkHCT +R)7|7 (30)
Xk+l = Xk+l +I~<k+1(Y_CXk+l)’ (31)

P, =I-K. COP,,,. (32)

3.3.2 Controller formulation and stability analysis

Theorem 2 Using the estimate of AFy, provided by
EKF that is based on (22) and airship nonlinear model
incorporating model uncertainties defined in (1) and (7),
the sliding surface defined in (10) and with the given
reaching law the controller equation for ESMC will be

U=MR@©)" (—KtanhS ~R(O)x,+¥,,— axe) -
(FD+FAS+FAD+FW) (33)
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where p7 is the mass matrix of airship with uncertain
parameters.
Proof Using reaching law:
— KtanhS = § = %, + ax, = ¥, - ¥, + ax, =
R(O)x,+R(O)x,— X, +ax, = R(O)x,+
RO)M'(Fp+ Fus+Fyp+U)+
R(O)AF\, — %1, + ax,. (34)

Make substitution of AFy, from (8) in (34):
—KtanhS = R(@)x, + R(O) M (Fpp + F s+
FAD+U)+R(9)M"(FD+FAS+FAD+FW+U)—
R(O)M ™' (Fp+ Fus+ Fyp+U)— ¥, +ax,. (35)

Simplify (35) and there is
R(®)M'U = —KtanhS — R (@) x, + ¥, — ax,+
M"(FD+FAS +F‘AD+FW). (36)

Equation (33) is obtained by separating control input
from (36). O

Theorem 3 Using the airship model given in (1) and
(7), the sliding surface defined in (10), the controller
defined in (33), and the EKF estimator designed for esti-
mating AFy, defined in (22) will stabilize the closed-
loop system. The control law will perform the trajectory
tracking task with trajectory tracking error asymptoti-
cally approaching zero.

Proof Select the Lyapunov function given in

1
V=288>0. (37)

Differentiating (37) and expanding the terms can
obtain that

V=S"S=8"[x,+ax,]. (38)
Taking the time derivative of (9) twice we will get
xe :.iél —xld. (39)
Using (7) and further simplifying (39), we can obtain
that
k'e = R(@)xz +R(0)x2 —de = R(@)x2+
R(O)M ' (Fp+Fus+Fyp+U)+ R(O)AFy, — ¥4
(40)
Substitute (40) in (38), and obtain that
V=S"[RO)x,+R(O)M "' (Fp+F,s+Frxp+U)+
R(O)AFy, — %, +ax,].
(41)

Using (8) and further simplifying (41), we can obtain
that

V=S RO)x,+ROVM "' (Fp+Frs+Fup+U)+
RO)M™! (FD +F,s+Fup+Fy+ U)—

RO)M ' (Fp + Fus+ Fap+U) - ¥,,+ax,].
(42)

Inserting the relation for control law from (38) into
(42), we obtain that

V= SR(O)es + ROV [(Fp+ Fag + Frp + Fit

(MR(@)%( — KtanhS — R(@)xz + ¥, — ax'e)—

(FD+FAS+FAD+FW))]—x1d+axe}, 43)
V = S" (-KtanhS) < 0. (44)
O

Remark 4 The ESMC controller designed in (33)
ensures the Lyapunov stability of an airship system
defined by (1). The controller ensures that the trajectory
tracking error will asymptotically converge to zero within
a finite time without satisfying Assumption 3.

In the proposed method, EKF makes an estimate of
AFy, and provides that information to the SMC. The
method ensures the closed-loop stability of the system
without the constraint made in Assumption 3. The pro-
posed method also mitigates the chattering issues that
usually come due to the selection of large controller gains
for robustness in the conventional SMC. The perfor-
mance of the proposed trajectory tracking control scheme
is evaluated using a nonlinear simulator designed for Uni-
versity of Engineering and Technology Taxila (UETT)
airship.

4. Results and discussions

For the verification of controller performance, numerical
simulations are performed using a variable step Runga-
Kutta (R-K) method in Matlab/Simulink R2019b environ-
ment. The software is running on a computer having a
CPU frequency of 2.5 GHz. The sampling time used for
the simulation is 0.002 s. An experimental UETT airship
6-DOF nonlinear model is developed [31,32].

The initial conditions used for the airship simulator are
given in Table 1 while the initial conditions used for EKF
are given in Table 2 and Table 3.

Table 2 Initial conditions for EKF

State Symbol Value
Position/m Xo [-10,200,70]

Attitude/rad ) [0,0,0]

Linear velocity/ms ' Vo [2,1,1]
Angular velocity/rads ' 20 [0.2,0.3,0.1]

Uncertainty vector AF w0 [0 0O 0 0 O O]
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Table 3 Initial conditions for EKF

Value

diag(0.1,0.1,0.1,0.1,0.1,0.1, 10,
10,10, 10,10,10,100, 100,
100, 100, 100, 100)

diag(2,2,2,2,2,2)

diag(1,1,1,1,1,1,1,1,1,
1,1,1,1,100,100, 100,
100, 100, 100)

EKF parameter Symbol

Process noise covariance []

Measurement noise covariance R

State error covariance Py

To increase the robustness of the conventional SMC
method, high controller gains are selected given in Table 4.
Since the ESMC algorithm provides the estimates for
unknown parameters, the accurate model for the airship is
available. As a result, the requirement for high gain to
avoid chattering phenomena is vanished. The controller
gains for the ESMC method are given in Table 5.

Table 4 Sliding mode controller gains

Controller parameter Value
a diag(6,6,6,6,6,6)
K diag(10,10,10,10,10,10)

Table 5 EKEF based sliding mode controller gains

Controller parameter Value
a diag(2,2,2,2,2,2)
K diag(6,6,6,6,6,6)

Extensive simulations are performed where controller
performance under mass matrix variations, aecrodynamic
parameter variations, and in the presence of wind distur-
bance are evaluated separately by considering three dif-
ferent cases. In each case, different trajectories are con-
sidered so that controller can be evaluated under differ-
ent maneuver conditions.

4.1 Performance evaluation under airship mass
matrix parameters variation

To check the robust performance of SMC and ESMC
methods, mass matrix parameters like airship mass and
inertia terms are changed during airship flight. This
change is actually inevitable because, in a stratospheric
airship, leakage of helium gas often causes the change in
these parameters. The location of the CG also varies dur-
ing the flight because the change in mass matrix parame-
ters can affect the CG point. Robustness against the
parameter variation for airship trajectory tracking control
is validated through random change in all parameters.
However, in most cases this variation is very small. In the
proposed technique we have used 30% changes in mass
matrix parameters. In this simulation case, wind distur-
bance is not considered. For the current case, the desired

spiral reference trajectory is selected as follows:

Xy 600sin (0.017)
X,;=| ys |=]| 600cos(0.017) |. (45)
2 -100-0.017

Fig. 6 shows the trajectory tracking performance of
SMC and ESMC methods. It shows that both controllers
effectively track the trajectory from the starting point
(=20, =400, 80) m to the endpoint (325, 380, 850) m.
Fig. 7 shows the error convergence. The x-direct error
decreases from 20 m to around zero within 10 s. The
y-direct error decreases from 200 m to 1 m after 50 s and
z-direct from 10 m to 0 m after 5 s. Results indicate that
the proposed controller successfully track the desired tra-
jectory and it also points out the asymptotic convergence
of error in finite-time. The results agree with Theorem 1
and Theorem 3. It indicates that SMC stabilizes the close
loop system if the model uncertainties obey the upper
bound criteria. However, for SMC there are certain con-
trol errors.

End
position

,,,,

500 Start o
position 200 400 600
s —200 0
% 500600400 A
——: Desired; ---:SMC; --—- : ESMC.

Fig. 6 Trajectory tracking performance of controllers
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N
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Fig. 7 Trajectory tracking error

Further, we can comment that the SMC method is
robust against model uncertainties; however, SMC tack-
les model uncertainties with high-frequency control
efforts. In the SMC method, once the controller has
reached the sliding surface then its robustness benefits
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can surely be obtained. However, these benefits are for
those situations where uncertainties and disturbances do
not exceed the specified bounds. We have applied the
mass matrix variations after 100 s of simulation run when
the controller already has reached the sliding surface. At
the sliding surface, it handles the mass matrix variations
with highly chattered control inputs, and it keeps the air-
ship on the desired trajectory. However, if the model vari-
ations are applied before the controller reaches the slid-
ing surface, then SMC convergence will also be affected.
This fact is observed in Case 2 where controller perfor-
mance is evaluated against aecrodynamic model varia-
tions.

Fig. 8 shows the control efforts required for trajectory
tracking. The figure shows the generalized forces and
torques necessary for airship control. Fig. 8(i) shows the
force required to accelerate the airship in the body axes
forward direction. The initial magnitude of forward con-
trol force is small because the initial velocity of the air-
ship is 5 ms . It means that the airship is already in
motion with a positive forward velocity that decreases the
requirements of high control efforts to push the airship in
a forward direction. The desired trajectory is spiral that
requires constant control effort in the y-direction as well
as constant control torque to maintain the airship roll
angle. It also requires the torque for achieving the desired
yaw rate.

100 100
e S0
EZ? 0 ~  of
> —S50°F
— 0 1 1 1 1 — 0 1 1 1 1
0 100 200 300 400 500 0 100 200 300 400 500
Time/s Time/s
(1) x-component of (iv) y-component of
total thrust differential thrust
100 100
B
S opyrE—— 2
" = 50
-100 L -100 L
0 100 200 300 400 500 0 100 200 300 400 500
Time/s Time/s
(i) y-component of total thrust (v) Rudder deflection
100 100
’E‘ X
Z )
S0 3
=

000 100 200 300 400 500
Time/s Time/s
(iii) x-component of differential (vi) Elevator deflection
—: SMC; ---- : ESMC.

Fig. 8 Control effort
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Fig. 8 (ii)) shows the required y-directed force for
achieving the desired side velocity. It indicates that ini-
tially, the force has a high magnitude however, after

steady-state it maintains a constant positive magnitude
necessary for tracking spiral trajectory. Fig. 8 (iv) shows
the plot for roll torque. It generates the required roll rate.
Fig. 8 (vi) shows the yaw torque. It maintains the desired
yaw motion. Since the yaw angle is changing constantly
so in steady-state yaw torque sticks to a positive value.
The z directed component of force and pitch torque main-
tains a positive value because of the desired pitch angle.
The control efforts calculated by ESMC are smooth as
compared to the SMC method. The initial magnitudes for
SMC are large as compared to the ESMC because SMC
uses high gain for achieving robustness. Although SMC
indicates the robust performance, however, it sacrifices
the nominal performance. Fig. 9 shows the EKF estima-
tions. Mass matrix parameters vary after 100 s that effect
the body axes linear and angular accelerations. The effect
of mass matrix variation is captured by the model uncer-
tainty vector given by AFyy=[AF,,AF, AF, AF,,
AF,,AF,] g.
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200 2
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(a) Total thrust (b) Differential thrust
————— : Actual; ——: Estimated.

Fig. 9  Estimation of model uncertainties due to mass matrix

parameter variations

4.2 Performance evaluation under variation of air-
ship aerodynamic model

In this subsection, airship aerodynamic model inaccura-
cies are considered by introducing changes in aerody-
namic forces and torques during airship cruise flight. We
have used a 30% change in aerodynamic forces and
torques. This subsection also considers the large initial
biases in states. Generally, the accuracy of the initial va-
lues facilitates the convergence of the system. The best
initial values give the best convergence. In our case, to
give an allowance for inaccurate initial values we have
tested our algorithm for a change of 20% in the accurate
initial values. Further, the controller performance during
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the reaching phase is tested. For this case, the controller
tracks the desired straight-line 3D trajectory defined by

Xa 2t
X,=| vy |= 2t . (46)
24 —-100-0.5¢

Fig. 10 shows the trajectory tracking performance of
both controllers. It shows that ESMC successfully tracks
the desired trajectory with the minimum tracking error
from the starting position (—20, —400, 80) m to the end
position (1200, 1200, 500) m while the SMC controller
does not properly track the trajectory. Fig. 11 shows the
tracking error in x,y,and z directions for both controllers.
It can be seen that the SMC method suffers from large
errors, also its convergence is affected by model uncer-
tainties. It is due to the fact that the SMC method has
incomplete model information during the reaching phase.

1500
1000
500
=500 0 X/
——: Desired; - --: SMC; ----- : ESMC.

Fig. 10 Trajectory tracking performance of controllers
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Fig. 11 Trajectory tracking error

At 150 s of a simulation run, acrodynamic model varia-
tions are applied. ESMC method converges to the sliding
surface at 200 s while the SMC method takes 400 s. It
indicates that incomplete model information during the
reaching phase affects the SMC method, and it can lose

its closed-loop stability while the ESMC method is
invariant to the model uncertainties.

Fig. 12 shows the control efforts required for trajec-
tory tracking. In this case, we have taken a straight-line
3D trajectory. The initial conditions of the airship simula-
tor are away from the desired trajectory so a transient
response can be seen between 0—200 s for the ESMC
method. The trajectory tracking requires the airship to
have some positive forward velocity, zero sway velocity,
constant yaw angle, and a nose-up configuration. As the
desired trajectory does not require the airship turning so
the airship should have zero roll. Fig. 12 indicates that the
control efforts fulfill the control requirements for the
ESMC method. However, it can be seen that the SMC
method suffers from chattering issues while the proposed
method offers smooth control inputs that ensure the reli-
able performance.
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Fig. 12 Control effort

The estimation of changes in the aerodynamic model
using EKF is shown in Fig. 13. It shows that EKF esti-
mates the model uncertainty vector due to changes intro-
duced in the aecrodynamic model at 150 s. Our proposed
algorithm has been tested for large initial biases and
under aerodynamic model variation during the reaching
phase of SMC. The results demonstrate that the proposed
algorithm has improved convergence properties. It
remains stable during the reaching phase and reaches the
sliding phase after 200 s.

[2: 0 u/_\/——_-‘g‘—

0 100 200 300 400
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Fig. 13
aerodynamic model parameters

Estimation of model uncertainties due to the change in

4.3 Wind disturbance case

In this subsection, controller performance under wind-
disturbance is evaluated. The wind is an important factor
that affects the flight performance of an airship. It is wor-
thy to incorporate the effect of wind in controller design.
In our approach, the disturbance due to the incident wind
is explicitly estimated using EKF and it is integrated into
the controller design. As it is intended to design a plat-
form for observation applications like for surveillance
and agricultural monitoring. Therefore, controller perfor-
mance in low altitude environment is tested. The meteo-
rological conditions of northern Pakistan show wind
speed at 100 m of altitude is between 3 ms ' and 6 ms |
[33]. We have considered 5 m/s of wind speed. Apart
from the constant wind, wind gust is also an important
in northern Punjab
because these landscapes are rough and they are sur-

phenomenon usually occurring

rounded by mountains. Wind gust is a brief increase in
wind speed which usually lasts for 20 s. It has a transient
characteristic and followed by a Iull or slackening in the
wind speed. Both wind gust and constant wind have been
considered in the simulation. For the generation of
wind gust, Dryden model power spectral density function

is used to model the turbulent gust [34]. Gust veloci-
ties are generated by applying noise inputs having uni-
tary power spectral density function to the following fil-
ters:

2V.,0? 1
H,(s) = | 2T , 47
. (8) I (V) 47)
s+|=
L,
s+( Ve
2V,0?
H(s) = |2 | _AV3LJY (48)

Ln v,
s+|—
(++(z)
T
202 3L,
H,(s)= LT/“E ‘/‘: 21 (49)
)

{L,,L,,L,} are the turbulence scale lengths that depend
on air vehicle height. In simulation 100 m of altitude is

considered so the turbulence scale lengths become 1454,
145h, and h, where h,=100 m, respectively. {o,,0,,0,}
are the intensities of turbulence in each direction. They
are 0.5 ms ', 0.5 ms ' and 0.042 ms ', respectively. The
turbulence intensities depend on the wind speed on
ground [35]. “s” is the Laplace operator and V, is the
equilibrium speed of the airship. The filters output the
translational velocities {u,,v,,w,} of the atmospheric
gusts. After 150 s of flight, the airship is subjected to 20 s
of gust in x-y plane from 150 s to 170 s. The controller
performance is also evaluated under the constant wind.
The constant wind is directed from Xp—axis for 100 s
between 200 s and 300 s of flight. The controller tracks
the desired circular trajectory defined by

X 500sin (0.017)
X,=| yi |=| 500c0s(0.017) |. (50)
2 ~100

Fig. 14 shows the trajectory tracking performance of
both controllers. It can be seen that both controllers track
the desired trajectory that starts from [0, —500, 100] m
and ends at [0, =499, 100] m. Initially, the airship is at a
location [—20, —400, —80] m. After 50 s of flight, it starts
following the desired trajectory. The results indicate that
the airship remains on the desired path during the course
of complete flight under the command of ESMC. Fig. 15
shows the convergence of tracking error. It indicates that
both controllers reach the error-based sliding surface after
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50 s. The transient flight characteristics under both con- 100
trollers are same because model uncertainties and wind % 0 —
disturbances in reaching phase are not considered. It is 100
also observed that in the sliding phase ESMC remains on 0 100 200 300 400
the surface during wind gust and steady wind speed. It 100
indicates that the SMC method is robust against wind dis- Z . 0_r
turbances because it reaches the sliding surface before the N a
. . . —100 . . .
wind disturbance occurs. However, the control inputs cal- 0 100 200 300 400
culated by the SMC methos are affected by the chatter- 100
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given. The results indicate that the control effort fulfills -1 000 : : :
. 0 100 200 300 400
the control requirements. The ESMC method handles the |
wind disturbance efficiently as well as remains on the -
sliding surface. Moreover, it calculates smooth control 3 Op
input. Fig. 17 sh h imation of the un in -1 - - -
put. Fig. 17 shows the estimation of the uncertainty 0 ™ 300 300 200

vector due to wind forces by EKF.
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Fig. 17 Estimation of wind disturbances

The overall results show that EKF estimations aid the
conventional SMC controller and improve its perfor-
mance. The proposed ESMC method for trajectory track-
ing successfully tracks the desired trajectory in all cases.
It calculates smooth control input as compared to SMC.

4.4 Performance analysis

The performance of the proposed algorithm for an air-
ship trajectory tracking control problem is assessed by
conducting a comparison analysis with the existing algo-
rithms applied for the same problem. The existing con-
trol algorithms are divided in linear (PID), optimal (MPC,
NMPC), nonlinear (gain scheduling, backstepping), and
hybrid (adaptive backstepping, NN backstepping, adap-
tive SMC, adaptive integral SMC, fuzzy SMC, adaptive
fuzzy SMC, NN-SMC, NN-NTSMC, and NN-fuzzy

SMC) methods. The hybrid control methods exploit the
benefits of adaptive, intelligent, and nonlinear algorithms
to solve the airship trajectory tracking problem. In cer-
tain cases, the hybrid control methods result in a com-
plex controller structure that often becomes difficult to
realize. The controllers are discussed according to the fol-
lowing performance criteria [32]: (i) nominal system sta-
bility (NSS), (ii) robust system stability (RSS), (iii) depend-
ence on accurate availability of states (DAAS), (iv) mass
matrix variation (MMYV), (v) aerodynamic model varia-
tion (AMYV), (vi) wind disturbances (WD).

In Table 6, the performance of the proposed control
method and the existing ones are summarized according
to the above defined performance evaluation criteria. The
columns correspond to the evaluation criteria while rows
show the control method. The performance of the pro-
posed method is summarized in the last row of the table.
The entries for criteria NSS, RSS and DAAS are graded
as Yes and No. Most of the existing methods for airship
trajectory tracking control do not explicitly account for
model uncertainties due to mass matrix variations and
aerodynamic model variations. Therefore, the entries for
MMV, AMV, and WD are graded as ‘considered’ and
‘not considered’.

Table 6 Performance evaluation and comparison of proposed method with existing method for airship trajectory tracking control problem

Technique Reference NSS RSS DAAS MMV AMV WD

PID [3] Yes No Yes Not considered Not considered Not considered

PID and dynamic inversion [4,5] Yes No Yes Not considered Not considered Not considered
MPC [6] Yes No Yes Not considered Not considered Considered
NMPC [10] Yes No Yes Not considered Not considered Considered
Gain scheduling [11] Yes Yes Yes Not considered Not considered Considered
BSC [12] Yes No Yes Not considered Not considered Considered
Adaptive BSC [13,14,15] Yes Yes Yes Not considered Considered Considered

NN-BSC [16] Mixed Yes Yes Considered Considered Not considered
Adaptive SMC [17,18] Yes Yes Yes Considered Considered Considered
Adaptive integral SMC [19] Yes Yes Yes Considered Considered Considered
Fuzzy SMC [20,21] Mixed Yes Yes Considered Considered Considered
Adaptive fuzzy SMC [22] Mixed Yes Yes Considered Considered Considered
NN-SMC [23] Mixed Yes Yes Considered Considered Considered
NN-NTSMC [24,25] Mixed Yes Yes Considered Considered Considered
NN-Fuzzy-SMC [26] Mixed Yes Yes Considered Considered Considered
ESMC - Yes Yes No Considered Considered Considered

Table 6 shows that linear control methods guarantee
the nominal system stability. They lack to ensure the
robust system stability because there is no theoretical
proof for linear controllers to establish the asymptotic sta-
bility of system. They are usually based on the linearized
model of the system at certain operating conditions so

they can only ensure the local stability. In hybrid method
(PID plus dynamic inversion), although the operating
range of system increases, the dynamic inversion control
relies on the accurate plant information. In case of model
uncertainties, it cannot ensure the robust system stability.
PID controller has low implementation and computa-
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tional complexity, so, it remains a first choice for indus-
trial applications.

In optimal controllers, MPC and NMPC have been a
choice among researchers. They can handle states and
control input constraints. They ensure the nominal sys-
tem stability, however do not guarantee the robust sys-
tem stability. The MPC method solves an optimization
problem on each sampling instant which makes them
computationally intensive controllers and they are diffi-
cult to realize on hardware. That is why for airship trajec-
tory tracking control they have not been much discussed.
The existing papers about the MPC method for airship
trajectory tracking control do not quote the results for
assessing controller performance under criteria MMV and
AMV.

In nonlinear controllers, BSC and gain scheduling con-
trollers have been reported. The gain scheduling con-
troller ensures both nominal and robust system stability.
The BSC controller is designed based on the Lyapunov
method and ensures the closed loop system stability.
However, it requires the accurate system model informa-
tion. It can ensure the RSS for certain bounds of uncer-
tainties for which the controller is formulated. For
reported gain scheduling and backstepping controller,
authors have not considered the performance evaluation
under airship parameter variations. To cope with the
parameter variation issue, authors have suggested hybrid
control methods. These methods are based on the idea of
estimation of unknown parameters.

The reported hybrid controllers for the airship trajec-
tory tracking problem combine the adaptive, intelligent,
and nonlinear control methods. The study show that they
ensure the robust system stability and good performance
under criteria MMV, AMV, and WD. Although they
exploit the benefits of different algorithms, but they pay
the price in terms of high computational and implementa-
tional complexity. Apart from that, all existing algo-
rithms explicitly assume the availability of all state esti-
mates. However, in certain situations the states informa-
tion can be lost due to sensor faults. In such situations,
the model-based state estimator may do the job.

In the last row of the table the performance entries for
the proposed algorithm are given. It exploits the benefits
of both SMC and EKF. The EKF uses the model of air-
ship and estimates the airship states, model uncertainties
and wind disturbances. The method does not require an
explicit state estimator. The proposed observer solves the
problem of both state estimation and model uncertainties.
The extensive simulation results evaluate its performance
under mass matrix variations, aerodynamic model varia-
tions and wind disturbances. As a whole the ESMC
method does not require the accurate state information. It

can work under noisy measurements. It ensures both the
nominal and robust stability because it does not rely on
uncertainties bound. As compared to the hybrid methods,
it has less computational complexity because all of the
above stated methods explicitly require the state estima-
tor, however, the proposed method extends the state esti-
mation problem and combines it with unknown model
parameters and external disturbance estimation.

5. Conclusions

EKF is used to provide accurate estimates for unknown
model parameters. A hybrid control method for known
and unknown model parameters couple with SMC
enables airship to track desire trajectory with accuracy
and perfection.

EKF based SMC improves robustness characteristics
by designing a nonlinear estimation procedure for wind
disturbances and airship model uncertainties. The pro-
posed method convergence and stability analysis proves
that the hybrid ESMC technique is closed-loop stable and
convergent. Extensive simulations are performed for con-
troller evaluation under the mass matrix parameter varia-
tions, aecrodynamic forces and torque variations, and wind
disturbances. The results show that the ESMC method is
efficient and effective for steering the airship along the
reference trajectory in finite-time. Further, the ESMC
improves the robustness characteristics of the conven-
tional SMC method and effectively alleviates the chatter-
ing issue.

From the information of hybrid sensor system, airship
position, attitudes and known dynamic model parameters
are estimated. These estimates warrant investigation of
the effects induced by wind forces instead of measuring
wind velocities by costly instrumentation.

The proposed method is easily realizable, cost effec-
tive and understandable. It allows variation in model
parameters without compromising on the performance of
airship trajectory tracking. As compared to the intelligent
estimation solutions such as neural networks, the pro-
posed method is a generic solution to the airship trajec-
tory tracking control problem. It can be used for all types
of UAV trajectory tracking control problems.

In the proposed work, airship is considered to be fully
actuated, and the underactuated case can be considered as
a future work.
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