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Abstract Aiming at flight property of airship, a tra-
jectory tracking controller of airship horizontal model
is designed based on active disturbance rejection con-
trol (ADRC). The six Degree of Freedom (DOF) dy-
namic model of airship is simplified at a horizontal
plane. ADRC is used to realize the decoupling con-
trol for the multivariable system. The uncertain items
of the model and external disturbances are estimated
by the extended state observer (ESO) and dynamic
feedback compensation is carried on at real time. The
disturbance of wind is added to the simulation en-
vironment. The simulation results show that the de-
signed tracking controller can overcome the influences
of uncertain items of the model and external distur-
bances, and track the desired trajectory rapidly and
steadily, and possess good robustness and control per-
formances.
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1 Introduction

Airship is a new kind of lighter than air (LTA) aircraft.
The ascending lift is mainly from the buoyancy of low-
density gas in the airship envelope [1-3]. The engine,
propeller, and control vane can be installed on the hull,
so the airship has a better control performance than
the traditional balloon. By right of this advantage, the
airship is applied to the civil and military fields widely
[4-6].

The research on the control of airship dynamics at
present mainly aim at the linear model of the airship
after small disturbance linearization to the design con-
troller [7-9]. The linear model only applies to the con-
dition of the airship flying along a straight line at a
constant speed. But when the airship flies slowly, the
accuracy of this method will greatly reduce. [10-12]
did a lot of research on the issues of trajectory track-
ing control of airship using the backstepping method.
In [13], sliding mode variable structure control (SMC)
was applied to trajectory tracking control. Two slid-
ing mode controllers were designed for the vertical
and horizontal model of the airship, respectively. [14]
adopted the method of a neural network inverse system
to compensate the velocity and attitude of the airship
at real time, which achieved some effects. In [15], a
control algorithm using Lyapunov theory and Sontag’s
universal stabilizing feedback was proposed. The de-
signed control rate was robust against uncertainty and
unknown parameters of the airship model. But these
methods usually require high accuracy on the model
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and the design of the controller is relatively complex.
There are some limitations in an actual application.

Active disturbance rejection control (ADRC) is a
new control algorithm, which is independent of an ac-
curate model of system [16]. The system error will be
eliminated through process error. The real time action
of internal and external disturbances of the model is
obtained through the extended state observer (ESO)
and the dynamic feedback compensation proceeds at
real time. Nonlinear state error feedback (NLSEF) is
adopted to compensate error, so as to improve control
performance. In recent years, the ADRC controller is
applied widely to the field of aircraft control [17].

Because of the special flight characteristics of the
airship, the theory of ADRC has not been applied in
this field hitherto. In this paper, aiming at the con-
trol problem of nonlinear and coupling system, ADRC
is adopted to design the trajectory tracking controller.
Through observing and compensating the states in
each channel using ESO, the decoupling control for
each channel based on ADRC is achieved.

This paper is organized as follows. In Sect. 2, the
six Degree of Freedom (DOF) dynamic model of the
airship is introduced briefly. In Sect. 3, the model
of the airship is simplified in a horizontal plane. In
Sect. 4, the standard form of the model is obtained af-
ter input output (I/O) linearization. In Sect. 5, regard-
ing the two-input and two-output (TITO) system as
two single-input and single-output (SISO) subsystems,
the ADRC controller for each channel is designed sep-
arately. In Sect. 6, simulation experiments are carried
out to verify the performance of controller. In the last
section, the research work is summarized and some ex-
isting problems are indicated.

2 Airship dynamic model

As for the airship dynamic model, most research fo-
cuses on the six DOF dynamic model [6, 7, 18]. The
research in this paper is launched on the basis of the
six DOF dynamic model of the airship, which has been
derived in [18]. The concrete process of derivation and
the meaning of expression are presented in the refer-
ence.

The forces acting on the airship in flight mainly in-
clude fluid inertia force, aerodynamic, gravity, buoy-
ancy, and thrust that are provided by the engine. The
resultant force and moment can be represented as fol-
lows:
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F=F+F;+Fc+Fp+F ()
M=M;+My+ Mg+ Mp+ M, ()

where F denotes force, M denotes moment, subscript
I denotes fluid inertia force, at denotes aerodynamic,
G denotes gravity, B denotes buoyancy, and ¢ denotes
thrust.

According to the theorems of momentum and mo-
ment of momentum, the above equations can be trans-
formed to the matrix form.

w TVI_[ Fr+FutFe+Fs+F 3)
LW T M;+ My + Mg+ Mp + M,

So, the dynamic equations of airship can be repre-
sented as

‘:/_M—l Fi+Fy+Fc+Fp+F; @)
W= ™" | M+ Mg+ Mg + Mg+ M,

where M, denotes mass matrix, including real mass
and added mass; V = [vy vy v, )7, W =[p ¢ r]7 de-
note velocity and angle velocity vectors of the system,
respectively; Fy and M denote dynamic force and
moment, respectively.

3 Simplified airship dynamic model

In this paper, only trajectory tracking in the horizon-
tal plane is studied without considering the attitude
motion of pitch and roll at the vertical plane. So, for
the three Euler angles, i.e., yaw angle v, pitch an-
gle 0, and roll angle ¢, only yaw angle is consid-
ered. The propulsion system is assembled at the tail
of airship to provide the forward power for airship.
T denotes thrust and ¢ denotes the direction of thrust.
Let T, =T cos ¢, Ty = T sin ¢ denote the two compo-
nents of thrust along the two directions at horizontal
plane. So, we can get w =0, p=0,4=0,6 =0,
¢ =0, h =0. The model [18] can be simplified as

Uy =ajvyr +b1(Xgcos B+ YysinB) + b1 Ty
Vy = avxr + ba(— Xy sin B+ Y, cos B) + bo Ty,
F=a3N, + b3T,

[ =vecosy — vy sinyr

Iy = vy siny + vy cos ¥

v=r

&)



Airship horizontal trajectory tracking control based on Active Disturbance Rejection Control (ADRC) 727

where [, [, denote position in a horizontal plane, the
m+myy . 1

. __ m+mp ., — — :

coefficients ay = J==/2; ap = T a3 = T+mes’
-1 .p—_1 i

by = S b2 = png;» m 1 the real mass of the

airship and m;;(i = 1,2,...,6) is the added mass,
Xa, Y, are the components of aerodynamics in hori-
zontal plane, and N, is the yawing moment, 8 is the
sideslip angle.

Take the states variables as x = [vx vy 7 I, [ W]T,
output variables as y = [l ly]T, control input u =
[u; up]? = [Ty Ty]T. Equation (5) can be expressed
as a multiple input multiple output (MIMO) nonlinear
system as follows:

x=f(x)+gxu
6
{y=h@> ©
where
ayvyr + by (X, cos B+ Y, sin B)
arvxr + by(—Xgsin B + Y, cos B)
_ a3Na
fx) = Uy COS Y — vy sin Y ’
Uy SIn Y + vy cos ¥
r
by O
0 b
| 0 b3 R
=, Tl hw= [ly]
0 0
0 0

4 Standard form transformation of nonlinear
system

In order to get the direct relation between inputs and
outputs to facilitate the design of controller, the deriva-
tive of output y about time is obtained and then ar-
ranged through introducing the operation of the Lie
derivative [19-21].

. 0h
y:a[f(x)+g(x)u]=th(x)+Lgh(x)u (7

Repeat the above operation, until
Y =Lh(x) +LgL}—1h(x)u (8)

where L gL;flh(xo) # 0, r denotes the relative degree
of system.

Letting &1 =1, &3 =1, the standard form of sys-
tem can be transformed as followed.

£l =6
£y = f1(x) +bicosy -uy —bysiny - uy
E3=¢&

. 9
§a= fo(x) +b1siny -uy +bycosy - uy ®
m=qé&,n
m=q&,n

The variables 71,7, € R* denote the internal dy-
namics of the system and they satisfy the constrained
condition as follows:

Len(x)=0 (10)
In this way, the states £(x) are transformed to a con-

trollable and observable linear system. So, the original
system is linearized partly.

5 Design of ADRC trajectory tracking controller

5.1 Decoupling control of multivariable system
based on ADRC

For the TITO system shown as (9), let

Uy _3B uj B— bycosyr —byrsinyr
Uy | T ur |’ " | bysiny bycosyr |’
the system can be transformed as

£ =i +U

£t 4+ U

§3= (x) +Us (11
yi=§&1

2 =63

det(B) = b1bs, so B is a nonsingular matrix. Regard
the dynamic coupling term f of system as external
disturbance, which can be observed through ESO and
then be compensated. The static decoupling is only
used to the coupling matrix B. The above system can
be treated as two SISO subsystems. Controllers are de-
signed for the decoupled channels separately and the
virtual control values U; and U; can be obtained. The
practical control inputs u can be calculated by the fol-
lowing formula:
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Fig. 1 Block diagram of
ADRC decoupling control - | U u, b2
21 =% ADRCI1 Ly > >
» 371 Airshp y
2 U. u Mode b
——™ ADRC2 = 2y >
Fig. 2 The structural 7 e N
diagram of ADRC in i —P@—V L )
channel i o A S ulO U, > B -1 ul > Airship yl >
7 e i Mode
! > E -
_ F \
Zi
Zn| % ]é:
(0]
u=B" U, (12) The state variables of ESO z;, z;» track the out-
U put variable y; and its differential. z;3 is the extended

Figure 1 is the control block diagram of the system.
5.2 ADRC controller design for each channel

Traditional ADRC consists of a tracking differentia-
tor (TD), extended state observer (ESO), and nonlin-
ear state error feedback (NLSEF). The core part is dis-
turbance estimation and dynamic compensation. The
structural diagram of channel i (i = 1, 2) is shown in
Fig. 2.

The third-order observer is constructed for each
channel separately. The action of acceleration f act-
ing on the open loop system is extended to be a new
state. The sum of disturbances that act on the system is
estimated and compensated at real time. The concrete
algorithm is as follows:

e=zj1—Yi

Zit=2zi2 — Pite

zi2 = zi3 — Pinfal(e, ajor1, 8) + U;
zi3 = —Pisfal(e, ajnz, 8)

13)

where B;; (j =1,2,3) is a positive adjustable param-
eter, fal is a saturation function which effect is to re-
strain the signal oscillation, and can be represented as
follows:

6/51_‘1,
le|* sign(e),

le] <4

el=s 50 09

fal(e, @, 8) = {

@ Springer

state and used to inhibit external disturbance and un-
certainty of the controlled object. So, (13) achieves the
observations on position, velocity, and unknown part
of the controlled system.

Using the nonlinear combination of the PD form,
the NLSEF control rate can be obtained.

ujo = kp; fal(e1, ai1, 8) + kd; fal(ez, a2, §) (15)

kp, kd are the coefficients of PD, e; is the difference
of desired signal and observation of position, and e;
is the difference of differential of desired signal and
observation of velocity.

Considering the compensation of disturbance esti-
mation z;3, the control signal is generated as follows:

Ui =uijo— zi3 (16)

6 Simulation analysis

Use Matlab software to carry out the simulation ex-
periment on the airship horizontal model and designed
trajectory tracking controller. The parameters of mod-
eling are derived in [18].

For the uncertain factors of the airship model, as-
suming that the uncertainty is about 15 % of certainty,
the system (6) can be represented as follows:

= f)+Af(x)+ (gx) + Ag(x)u

17
y=h(x) an
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110, B2 = 100, Bi3
Ns
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(d) The change curve of ¥/

0.8, kd1 = 1.6, o1 = 0.7, 12

0.5, @102 =0.5, 6 =0.01.

0.3, apgp =0.3,5 =0.01.
NLSEF: kp, = 2.5, kd, = 3, az1 = 0.5, ap = 0.8,

For the method of parameter tuning of ADRC, re-
fer to [22]. Combining with the trial-and-error method,
In an atmosphere environment, wind is an impor-
tant factor, which affects the flight performance of

the parameters of ADRC can be obtained as follows:

80, 101

NLSEF: kp,
6§ =0.01.

For Channel 2, ESO: B, = 120, B, = 80, B3 = 30,
6§ =0.01.

For Channel 1, ESO: B
201

(18)
w

]

|ag@)| <15% - g(x)

t/s

(b) The change curve of v,
The center is set at the origin of geodetic coordi-

nate system and the radius is 100 m, namely: y;
Iyg = Rsinwt, y» =lyq = Rcoswt, R=100m

system, which can be regarded as the perturbing terms
0.027.

of f(x) and g(x), and Af(x), Ag(x) are bounded,

where Af(x) and Ag(x) are the uncertainties of the
shown as follows:

Fig. 3 The change curves of airship states
(1) The desired trajectory is a circle

|laf@| <15%- fo);
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Fig. 4 The change curves of trajectory tracking in horizontal
plane

an airship. The main working environment of the air-
ship is at the stratosphere where the airflow changes
weakly and the wind speed and direction change very
slowly [23]. In this paper, wind is considered relative
to the geodetic coordinate system and regarded as an
external disturbance to act on the airship model. The
speed and direction of wind are unchanged.

The original states of system are vyo = 10 m/s,
vy0=0,70=0, 0 =80m, [,0 =30 m, Yo =0. The
wind speed vy = 20 m/s, direction is along the posi-
tive x axis of the geodetic coordinate system. The sim-
ulation time is 100 s and simulation step Az = 0.01 s.
At last, the control effects of ADRC are compared with
SMC, which is a common method in aircraft control.
The simulation results are shown as Figs. 3—6.

Figure 3 shows the change curves of airship states.
It can be seen that the states become stable after about
12 s. Driven by the thrust of 7', the velocities of air-
ship along x axis and y axis are stabilized at 6.28 m/s
and 0.23 m/s, respectively. Because of the influences
of factors of disturbance of wind and the uncertainty
of the model parameters, the velocities of the airship
will fluctuate slightly. After stabling, the airship will
do circular motion along the setting reference trajec-
tory. At this point, the yaw rate is a fixed value about
0.063 rad/s and the yaw angle increases linearly. These
accord with practical flight law approximately. Fig-
ure 4 shows the curves of airship trajectory tracking
at the horizontal plane.

Figure 5 shows the comparisons of tracking error
between ADRC and SMC. The tracking accuracy of
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error of Ix/m

error of ly/m

(b) The change curves of tracking error of ly

Fig. 5 The change curves of tracking error

ADRC is better than SMC obviously. Figure 6 shows
the comparisons of control variables. Because of the
influence of disturbance of wind along the positive x
axis, the variable range of the component of thrust
along the x axis is larger than that along y axis.
But the holistic change is comparatively smooth. Ta-
ble 1 shows the average performance index of the two
controllers of 5 simulation experiments, including the
mean and variance of steady-state error and total en-
ergy consumption. Let e;, e;, represent the steady-
state error of [, and [, respectively. The total energy
consumption s is defined as the sum of the control
variable of thrust, shown as the following formula:
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ty
s=/ |u(t)| dt (19)
I

0

where 19, 1 denote the starting and ending time, re-
spectively.

From Table 1, the mean and variance of steady-state
errors of ADRC are both less than SMC, so the preci-

Tx

x 10
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(b) The change curves of thrust ]}

Fig. 6 The change curves of thrust

Table 1 Comparison of performance index

sion and stability of ADRC are better. And at the same
time, the total energy consumption of ADRC is lower.

(2) The desired trajectory is a sine curve

The amplitude of the sine signal is 50 m and the cy-
cleis 100 s, namely: y; =lxg =t, y2 =lyqg = Asinot,
A=50m, w=0.027.

The parameters of controllers are kept unchanged.
The original state /o = 0 and other conditions are un-
changed.

According to Fig. 7, because of the desired trajec-
tory is a sine curve, the change of the states presents
the trend of sine and cosine waves approximately after
stabling. Figure 8 shows the change curves of trajec-
tory tracking the sine wave in horizontal plane. Fig-
ures 9 and 10 are the comparisons of tracking er-
ror and control variables, respectively, between ADRC
and SMC. Table 2 still shows the average performance
index of the two controllers of 5 simulation experi-
ments. It is seen that ADRC processes better control
accuracy and consumes lower energy.

Combining the two simulations, ADRC avoids the
frequent manipulation of thrusts when turning (shown
as Fig. 6(b) and Fig. 10(b)), which is beneficial to
the practical applications. In the second simulation,
ADRC still processes better control performance un-
der the condition of unchanging the parameters of
controllers. This shows that ADRC has strong robust-
ness.

7 Conclusion

Aiming at the airship horizontal model, the nonlin-
ear system was transformed to a standard form of the
TITO system using the method of I/O linearization.
By combining the ESO and NLSEF, the ADRC trajec-
tory tracking controllers were designed for each de-
coupled channel separately. This control algorithm is
independent of accurate controlled model, designed

Mean of e;, Variance of e;, Mean of e, Variance of ey f[;’ lu1(t)|dt ft;f lua(2)|dt
ADRC 0.1903 0.0137 0.0152 7.3705e-5 5.1869¢+-6 6.4946e+5
SMC 2.8792 1.6490 2.6078 1.7302 6.3753e+-6 1.4247e+6
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Table 2 Comparison of performance index

! |uz(1)|dt

J

t
1o

w1 (£)|dt

f
0

.

Variance of e, Mean of ey Variance of ¢y

Mean of ¢;,

4.4272e+5

4.4787e+6
5.2389%e+-6

1.6305e-4
0.4296

0.0065
1.2954

6.7100e-6
3.5169¢e-4

0.0011
0.6211

ADRC
SMC

1.2442e+-6

12
10 - - -
gl - - -
6,,,,

(s/w)/xa

The change curve of 7

(©

The change curve of v,

(@

The change curve of ¥/

(d)

(b) The change curve of v,

Fig. 7 The change curves of airship states

The airship is a complicated nonlinear system, so it
is difficult to calculate and analyze the internal dynam-
ics of the system. And there are too many parameters

simply and easy to realize. According to the special
working environment of the airship, the disturbance of
wind with constant speed and direction was added to
the simulation as the external disturbance. The simu-
lation results showed that the designed control scheme
could overcome the influence of the uncertainties of

and tuning difficulties in the design of the ADRC con-
troller. How to improve the control project, simplify

parameters, and make it more beneficial to practical

engineering applications are the issues that need to be

resolved in the future research.

the model and external disturbance, and it had strong

stability and robustness.
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