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ABSTRACT

A nonlinear station-keeping control method for a multi-vectored propeller airship under unknown
wind field with thrust saturation is developed, which is composed of three modules: nonlinear
model predictive controller (NMPC), disturbance observer (DOB) and tracking differentiator
(TD). The nonlinear kinematics and dynamics models are introduced, and the wind effect is
considered by the wind-induced aerodynamic force. Based on both models, an explicit NMPC is
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designed. Then a nonlinear DOB is introduced to estimate the wind disturbance. A TD, showing
the relationship between the maximum propulsion force and the maximum flight acceleration, is
proposed to handle the thrusts’ amplitude saturation. Stability analysis shows that the closed-loop
system is globally asymptotically stable. Simulations for a multi-vectored propeller airship are
conducted to demonstrate the robustness and effectiveness of the proposed method.

Keywords: Model predictive control; disturbance observer; tracking differentiator;
station-keeping; saturation

NOMENCLATURE

OgXoYoZe earth reference frame (ERF)

Oxyz body reference frame (BRF)

[u, v, w] linear velocities in BRF, m/s

[us Vips W] wind velocities, m/s

V, Va inertial speed and airspeed, m/s

p, g, 7] angular velocitiees in BRF, rad/s

Xgs Yor Zg Cartesian positions in ERF, m

[¢,0.p] Euler attitude angles, rad

M mass matrix(or inertial matrix)

XG> Y6 2G positions of gravity center, m

Xg, VB, 2B positions of buoyancy center, m

m total mass of the airship and payload, kg

My 1,...,Me6 added masses, kg, kg.m or kg.m2

L,...1, inertial moments, kg.m2

Fgp gravity and buoyancy force, N

Fr thrust force, N

F4F,, nominal and wind-induced aerodynamic forces, N

F; Coriolis force, N

B, G gravity, buoyancy, N

B control allocation matrix of the propeller

Vol volume of the airship, m>

L,.s, Sref reference length and reference area, m and m?>

@, Py angles between the x-axis and the horizontal component of the inertial
speed and airspeed respectively, rad

R? direction cosine transformation matrix

D angular transformation matrix

C,, C, C,,, C,, aerodynamic coefficients

R, distance between the position of the propeller and volume center of the
hull, m

u;, indirect control vector

Solki propulsion forces and deflection angles of the i™ propeller, i =1,2,3.4,
N and rad

Eplarlr rotation damping coefficients

N, predictive horizon, s

Wa, reference position, m

dd disturbance and its estimation, m/s?

https://doi.org/10.1017/aer.2018.91 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2018.91

WEN ET AL NoNLINEAR DOB BASED EXPLICIT NMPC FOR STATION-KEEPING... 1755

p air density at the flight attitude, kg/m’
Dr relative degree
Rip design parameter in TD

1.0 INTRODUCTION

The multi-vectored propeller airship is a lighter-than-air aircraft with low flying speed, which
has wide applications in earth observation”’ and communication due to its capability of non-
power station-keeping on resisting the gravity.””) The most important three control types of the
airship are station-keeping control, trajectory tracking control and path following control.”
In station-keeping control, the performance of the controller is greatly influenced by wind
because the airship often has a large volume and it is lighter than air. However, it is difficult to
improve its station-keeping performance if the wind disturbance is not properly considered.
This paper aims to propose a composite station-keeping controller to deal with wind dis-
turbance and thrust saturation.

The current methods dealing with wind disturbance have been developed during the past
decade. First, it was handled by a stabilisation method, in which the wind is regarded as an
external disturbance. The stability of the controller is guaranteed via its robustness, such as
linear control,”” backstepping control® and dynamic inversion control.” However, it would
be hard for the controller to maintain stability in a strong wind disturbance if this disturbance
exceeds the maximum value that the controller can handle. The second method, a path
following algorithm, was then put forward.”” In this method, the station-keeping control was
transformed into a path following control scheme by expressing the kinematics model in the
wind field. Then the wind was not a strong disturbance since it was modelled. This method
was adopted by Zheng et al.® and Hong et al.” However, this method needs the wind speed
usually estimated by an anemometer,'” leading to inevitable external hardware costs.
Therefore, the third method, an observer-based one, was presented to estimate the wind
speed. It can also estimate external disturbance and model uncertainties at low costs with
relatively high accuracy. A wind observer based on kinematics was employed by Zheng
et al.'" for a constant wind. And a nonlinear DOB was proposed by Chen et al."'? for a slow
time-varying disturbance. Liu et al."'* adopted DOB in designing the control system for a
helicopter. Other observers like sliding mode observer (its robustness is often guaranteed by
the signum function('4)), and some other observer-based methods were reviewed in Chen
et al.’s work."”

The main motivation of this paper is to propose an MPC"'®-based composite controller
for a multi-vectored propeller airship. The controller consists of three modules: model
predictive control, disturbance observer (DOB) and tracking differentiator. It can eliminate
the wind effect and handle the thrust saturation. MPC is an advanced control algorithm
including three essential modules: predictive model, receding horizon control and feedback
correction. Recently, more and more attention has been paid to the MPC method, but few
of them are proposed to the airship. MPC algorithm is promising in handling the system
uncertainties, and thrust’s saturation as well. MPC often optimises a cost function at each
sampling time. The optimisation is often solved by a quadratic programming(QP) algo-
rithm or linear matrix inequality (LMI) method.”"” This algorithm can directly handle
saturation. But it usually needs significant numbers of iteration in solving the QP, thus
causing too much online computation, or causing conservation in solving LMI. The
iterations can be avoided by an analytical control law of the explicit NMPC,""® but thrust
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saturation cannot be considered at the same time. This implies the saturation cannot be
handled by MPC without iteration. Therefore, in this paper, TD %> is proposed to
preserve the analytical control law (or reduce the workload of online computation) and
handle the thrust’s amplitude saturation. In addition, the nonlinear DOB is implemented to
estimate the wind disturbance.

The main contributions are as follows: (1) a new wind model is proposed by the
mechanism analysis. Compared with the path following method which often models the wind
in the kinematics, this paper considered the wind as the wind-induced aerodynamic force in
the dynamics. (2) A novel saturation method using TD is adopted. The online computation
burden is relieved, and no change is needed in the MPC analytical control law. (3) A better
parameter design method of TD is proposed. A time-varying design parameter of TD is
developed based on the dynamics model.

This paper is organised as follows. The model of the airship is first introduced. The
controller design is then carried out. The controller stricture and the stability analysis are
provided in the following section. Simulation results are given to demonstrate the validity of
the proposed method. The conclusion and future works are given in the last section.

2.0 AIRSHIP MODEL

The multi-vectored propeller airship (see in Fig. 1) has a Eulerian shape with four even-
distributed propellers in its equatorial plane. The payload is suspended underneath its body by
ropes.

The earth reference frame (ERF) and body reference frame (BRF) are defined in Fig. 2,
in which the states of the airship are also illustrated, where R is the radius of the airship,
R, is the distance from the position of the propeller to volume center of the hull,
[u v w] stands for the linear velocities in BRF, and [p ¢ r] denotes the angular
velocities in BRF.

2.1 Kinematics model of the airship

The kinematics models of the airship®" are

[ X Ve Zg}T=R?[“ v W]T .. (D

(o 6 ] =@lp q r| " (2)

cosycosf  cosysindsing—sinycosg  cosysindcosg + sinysing
Rf = | sinycosd sinysindsing + cosycosgp  sinysinfcosg—cosysing .. (3
—sinf cosfsing cosfcosg
where ¢, 6, and y are the pitch, the yaw, and roll angles, respectively. [x, Y, 2] is the
position in ERF. Rf and ® are the direction cosine transformation matrix and the angular

transformation matrix, respectively. Using this two matrices, the velocity and the angular
velocity are transferred from BRF to ERF. And both of them are detailed in (3) and (4)

1 singtand cosgtand
o=|0 cos¢ —sing - @)
0 singsecO cosgpsecH
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payload

Figure 2. (Colour online) Frames and states of the airship.

2.2 Dynamics model of the airship

The dynamics model under wind disturbance is
M)_C'=FGB+FA+FW+F1+FT (5)

where M is the inertia matrix and Fgp stands for the combined force of the buoyancy and the
gravity. F4, Fy, Fy and Fr are the nominal aerodynamic force, the extra wind-induced
aerodynamic force, the Coriolis force and the propeller force, respectively.

The mass matrix is presented as Equation (6), where I, I, I, I, I, and I, are the inertial
moments of the airship. [xg, yg, zg] is the position of gravity center. m is the total mass of the
airship and payload, and m;, i =1...6 are the added masses. The added mass is the inertia added to
a system because when the vehicle is accelerated in a fluid, additional forces are required to
increase the kinetic energy contained in the fluid. This effect appears as an apparent increase in the
mass of the vehicle and is often referred to as added mass.”” The value of the added masses can
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be calculated by the potential flow theory.More details can be seen in Wang’s work®”

m+my 0 0 0 mzg —myg
0 m+my 0 —mzg 0 Mo +Mmxc
M= 0 0 m+ms3 myg mss—mxg 0 B (6)
0 —mzg myG L+ my —1y =1,
mzg 0 ms3 —mxg —Ixy Iy + mss -1
—mycG mep + mxg 0 _Ixz _Iyz Iz + meg
I —(G—B)sind T

(G—B)singcos
G—B)cosgpcosd
Fgp = ( ) : e (7
—(Gzg—Bzg)singcosd
—(Gzg—Bzp)sind—(Gxg—Bxg)cosgsing

(Gxg—Bxg)singcost

The combined force of the buoyancy and the gravity is presented in Equation (7). and [xp, yp,
zp] is the position of buoyancy center. G and B are the buoyancy and the gravity of the
airship, respectively.

The Coriolis force is presented in Equation (8).

F, and F,, are modeled in the next section.

[ —(m+ma3)wq+ (m+my )vr—mzgpr+mxg(r* + ¢*)—mygpq |
—(m+my))ur+ (m+ma3)wp—mzgqr+myc(r* + p*)—mxgpq
. —(m+mp)vp+ (m+my) ) ug—mycqr+mzg(p* + ¢*) —mxgpr ®

1=
(mss—mee—I + I,)qr—myc(pv—qu) + mzg (ru—pw)
(meg—mag—I,+ L) pr—mzg(qw—rv) + mxg(pv—qu)
L (maa—mss—I, + I,)gp—mxc (ru—pw) + myg (qw—rv) ]

2.3 Aerodynamic force model

If the airship works in an ideal circumstance and there exist no wind field during its operation,
the acrodynamic force is defined as a nominal aerodynamic force. According to Liu,** it can
be presented as

% PSref V2 Cycosp

% PSref V2Cysing

%pS,-ef V2 Cz
— % PSrefLrer V2 C,,,ysin(p—fpp
%psrefLref V2 CmyCOSCD—quI
208 1ot Lyef V2 Cre—E,r

.9

where C,, C,, C,,, and C,, are the aerodynamic coefficients. It can be observed that the
aerodynamic coefficient in the x-axis and the y-axis is always the same, and also the rotation
aerodynamic coefficient in the x-axis and the y-axis are the same, this is because the shape of
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Figure 3. (Colour online) Aerodynamic coefficients under different angle of attacks.

the airship is symmetrical with respect to the z-axis. ¢ is the angle between the x-axis and the
horizontal component of the inertial airship speed, so tang = %. p is the air density. S,., of and
L,ef are the reference area and the length, respectively. The presentatlons are S,o= Vol?? an

L, .= Vol 13 where Vol is the volume of the airship. And V =vu2+12+w? is the 1nema1
airship speed in BRF, &,, &,, &, are the rotation damping coefficients. The damping coeffi-
cients are often proposed by the experience of the designer. In this paper, these are obtained
by experiments.

The aerodynamic coefficients are often obtained by wind-tunnel experiment, the symme-
trical structure of the airship can help to reduce the cost of the experiment because the number
of the coefficients is reduced. The wind-tunnel experiment is often conducted under different
angle of attacks. In this paper, following Chen’s work,”” the wind-tunnel experiment is
conducted every 3° in [-180°,180°], and using linear interpolation, the coefficients of other
angles are obtained. The results show that C,,,~1077 is close to zero and can be ignored, and
C,, C,, C,, are shown in Fig. 3.

If the wind velocity is given as [u, v, WW]T, the real aerodynamic force can then be
reconsidered. Define the wind-induced aerodynamic force as the difference between the real
aerodynamic force and the nominal one, thus the wind-induced aerodynamic force can be
presented as

L0Srer (VZcosg,,—V3cosp) Cy
%pS,ef (stin(pw — stincp) Cy
F, = 1 %PSrefgng—Vz)(/;z. .. (10)
— 198 sefLrer (Vsing,,—V2sing ) C,y
% PSref Lyef (Vzcosq)w — Vzcosgo) Chy
3PSrefLref (Va=V?) Cine

where V, = \/(u—uw)2 + (v—vw)2 + (w—ww)2 is the airspeed and tang,, = (4 — u,,)/(v—v,,). @, is
the angle between the x-axis and the horizontal component of the airspeed.

2.4 Propeller force model

The propellers of the airship can be rotated in the vertical plane with a deflection angle y;, and
the propulsion forces are denoted by f;, i=1, 2, 3, 4. The detailed definition of deflection
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,~ airship

Figure 4. Definition of the deflection angle of the thrust.

angle y; can be seen in Fig. 4, the thrust can rotate in the range that u;€[—1807,180]. The
deflection angle is O when the thrust is in the negative direction of the z-axis, the deflection
angle is positive when the thrust rotates clockwise, and the deflection angle is negative when
the thrust rotation is counterclockwise. These are the direct control variables given to the
controller. In BRF, the thrust force is presented as

Jasinuy —fasinpy
—fising, + f3siny;

—ficosy; —frcosy —frcosu; —ficosus
(facosus—frcosu)R,
(ficosp; —f3cosus)R,

L (fising +fosing, + fisinus + fasingy )R, |

Fr= . (11)

Note in Equation (11), nonlinear couplings between f; and y; are demonstrated, and control
allocation must be conducted to obtain f; and y; after Fris obtained, the control allocation is
often completed by choosing a control allocation matrix. The chosen of the control allocation
matrix is very important in dynamic inverse control allocation to avoid a singular value. Here,
the indirect control vector u;, is introduced as

. . . . T
Uip = [fl SIngiy, flel’l//tz, f38111/43, f4sm,u4, flcoslul ) f2COS/"27 f300$/"3a ﬁ;COSILM] (1 2)

This will result in a constant control allocation matrix. Thus, the inverse matrix is also a
constant matrix, that is, a solution is always available in the control allocation process.
Therefore, the propeller force is then decomposed as

Fr =Bu,, ... (13)
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the resulting control allocation matrix B is presented as

o 1 0 -1 0 0 0 0
-1 0 1 0 0 0 0 0
O I R N e e
o 0 0 0 0 —-R 0 R,
o 0 o0 0 R O —R, 0
—R, R, -R, -R, 0 0 0 0

The direct control variables can then be solved by

fi=/ (sing)? + (ficosu,
fising;
Jficosy;

u; = arctan ..(14)
The dynamics equation can be transformed into a MIMO affine system. It is noted that in
station-keeping control, the useful output is the position of the airship in ERF. Recall the
dynamics model (5), the resulting affine system is

=)+, (i +d
y:[xg Ye Zg]T (15)

where d=M "~ IFW is the wind disturbance, gy(x)=M ~ 'B, fixy=M"~ 1(FGB+FA +Fp and y
is the system output.

3.0 THE STATION-KEEPING CONTROLLER

In this section, the station-keeping controller design procedure is carried out as follows. First,
based on the work of Li et al.,*® the explicit NMPC for station-keeping of the airship is
derived, and nonlinear DOB is adopted for disturbance compensation. A saturation sup-
pression strategy using TD is then put forward.

3.1 Explicit nonlinear MPC

For a nonlinear MIMO affine system such as the airship, it is well known that after con-
tinuously differentiating the output for a specific number of times, the control input appears in
the expressions.

Definition 1. The number of times of differentiation required for the indirect control vector
to appear is defined as the relative degree.

The relative degree is a vector, and for station-keeping control of the airship, it can be denoted
as pr-=1[pn, pras pPr3)- Since the indirect control vector appears after some differentiations, the
relative degree is first specified in the controller design. Before that, the following assumption
is made to ensure the existence of these differentiations.

Assumption 1. The states of the airship are all detectable, the output y and reference
position wg = [xg Vg zd]T are continuously differentiable.

Under Assumption 1, the relative degree and y!/! are obtained by the following differentiations.*”

The first derivative of y is the kinematics Equation (1).
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The second derivative of y is

Xg u+qw—ry
Yo | =RF | v+ ru—pw .. (16)
Zg W+ pv—qu

Then u;, appears in the expression of i, v, w in Equation (5). Thus, the relative degree is
Pri=pPr=pPmn3= 2.
Substituting Equation (15) into Equation (16) gives
X
Vo | =RIC(f(x) + &1 (0t +d) + Fgu - (7
where Fgy, = RE[gw—rv, ru—pw, pv—qu]” and C=[IL3,3 05.3].
Separating u;, from Equation (17) gives

[Xg  Ys Zg]TzL(x)+Rde+A(x)u,-,, .. (18)
where L(x) = R¥(Cf(x) + F,,) and A(x) = RECg, (x).
Assumption 2. The system holds stable zero dynamics.

To achieve station-keeping of the airship, we need to design a controller such that the output y
tracks the reference position wy. In MPC strategy, this can be achieved by minimising the
following cost function:

Np

J:J “ey(1+7) ey (14 7)dz .. (19)

0

where ey (1+7) = §(1+17)—wa(t +7), N, is the predictive horizon and 0 <z < N,,. y(¢+7), and

wd(t+ 7) are the approximations of the output and reference position at time #+7 respectively.
In general, the cost function is optimised by MPC to obtain u;, at each sampling time. In

this paper, y(¢+7) and wg(+7) are approximated by Taylor series expansion up to p,th order
The approximation using Taylor serial expansion of §(t+1) can be presented as

A xg(1+7) xg (1) ()] 2 [%0)
Y+7)= | yelt+7) | = | ye(t) | +7 yg( )|+ | Felt) - (20)
z(1+7) 2(1) %(1) % (1)
To separate the unknown time parameter 7 from the approximation, Equation (20) is rear-
ranged as
Y(t+7)=T(2)Y () (2D

where I'(r) = [Ty, Ts), Ts = diag [7 ’7 % , Tg =blkdiag ([1,7], [1,7], [1,7]), it is the unkonwn

matrix with the unknown . Y(r) = [Y,(¢), Ya(1), Y3(t), Xg, Zg, 2] "> Y1(2) = [xg, ), Ya(t) =

g, ], Y3(1) = [z, Z].
Similar to $(¢+ 1), W4(¢+7) can be approximated as

wd(l-i-‘[):r(l')Wd(l) ... 22)

where
Wa(t) = [Wi(t), War), W3(1), %4, a, 2], Wi(t) = [xa, &a], Wa(t) = 24, 2], Wa(t) = [ya, 3d],
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Substituting Equations (21) and (22) into the Equation (19) gives
A A
T=-Walol | b 3 70 wato) . 23)
2 3
where Aj = [(" T Tydr, Ay = [{"TFTldz, As = [{"TI Tydx.
Equation (23) can be minimised with respect to u;, (f + 7). The necessary condition for the
optimality is
oJ

aui,,

=0 .. (24)

=2(Y(t)-Wq(t)]" [/’é ﬁj ;l;

Recall Y(r), Wy and define M, = [Y,—W; Y,—W, Y;—Ws]”, then Equation (24) can be

e e e A A
2M;,  (Gg—%a, g—Ya. Zg—%a)] [ Azlr Ai] 07,07, A(x)"]" =0 .. (25)
It gives that
M) Ay + (%o —3a, g—ar Zg—24) A3 =0 .. (26)

Recall Equation (18), and note A3 is symmetrical, then the optimal control can be obtained by

Uin(t+7)" =—A(x)" [KM, + M, +R]Cd] .. 27
where A(x)* is the Moore—Penrose pseudoinverse of A(x),M;=L(X)—[%; ¥4 Za .
K=A;'Al.

After solving the nonlinear equation (27), we can obtain the optimal control u;,(t+7). In
this paper, only the current control in the control profile is implemented. The explicit solution
is u;" =u;,(t+7), for 7=0.

In addition, it can be noted that in Equation (27), the disturbance d is still unknown in the
control law, so an observer is designed i;\l the next section for disturbance rejection. After that,

d is replaced by its estimation value d, then the influence of wind field is compensated.
Therefore, the station-keeping control law is

Uin = —A(x) " [KMpr + M, +RECd)] .. (28)
The direct control variables can then be calculated by Equation (14).

3.2 Nonlinear DOB

A
As disscused in the previous section, it is clear that d is indispensable in controller design. In
this section, a nonlinear DOB is proposed to estimate the disturbance d.
The nonlinear DOB for MIMO affine system (15) is designed as

2= —1(x)z—1(x)(p(x) +f (x) + &1 (% )ttin)
2=z+p(x) ..(29)

where z is the state vector of DOB, I(x) is the observer gain matrix, and p(x) is the nonlinear
function to be designed. The observer gain matrix can be determined by

I(x) = a”a—g) .. (30)
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Lemma 1. The DOB in (29) for system (15) is stable if the gain matrix [ (x) is Hurwitz.

A
Proof. Define the estimation error as e =d—d. Then the differentiation of the estimation
error with respect to time is

. ./\ ¥
e=d—d .. (31
Assumption 3. The disturbance is slow time-varying ®®, so d ~O0.

Substituting Equation (29) into Equation (31) gives

emd=gs P}
ox
=—1(x)(z—x)—I(x)(p(x) +f(x) + g (x)uin) --(32)

Substituting Equations (15) and (29) into Equation (32) gives
& = —1(x)(d—p(x)~f (x) g (¥)tia—d) ~1(x) (p (x) +£ (x) + g1 (X1t
=—I(x)e ..(33)

A
This demonstrates that d approaches d exponentially if I(x) is Hurwitz.

Remark 1. Although the stability analysis is carried out with Assumption 3, which is not
often held in the realistic scenario. To the authors’ best knowledge, the DOB can also handle
some time-varying disturbance, for example, sinusoidal disturbance and some small gust
disturbances. These are verified in the simulation part.

3.3 Actuator saturation suppression based on TD

The amplitude of the propulsion force is severely limited in the realistic scenario, while the
analytical control law (28) can handle no saturation. Therefore, to preserve the analytical
control law and decrease the online computation burden, the TD employing time-varying
design parameter is proposed.

Remark 2. MPC can also handle saturations, but usually through the use of a quadratic
programming algorithm. The main drawback of MPC in handling saturation is the heavy
computation load from iterations, no analytical control law and the difficulties in stability
analysis. Compared with MPC, TD will not change the analytical law, thus no iteration
exists.

TD is first proposed by Han,?® and it uses a numerical method based on integrity to track the

differentiation of the signal. In handling the saturation, TD always calculate a smooth govern
path within the saturation. The main advantage of TD is the control of rapidness and strong
robustness to the disturbance. The most common used TD® can be presented as

{ o1 =2 .. (34)

Xo =fhan(x1, %2, Rrp)

where x; and x, are the states of the TD, they represent the position and velocity when
respecting to the station-keeping control. Ryp is the design parameter that represents the
acceleration of the transition process. It is the only parameter that determines the transition
time.*” fhan denotes the optimal control synthesis function. This function can avoid the
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Figure 5. (Colour online) Path planning of TD.

chattering in steady state caused by the non-smooth structure of TD. It can be presented as

_ Rrpa | a | <d,
ﬂan(x1)x2aRTD) - { _RTDSign(a) | a | > dt (35)
where d, = Rrphy, hg is the sampling time interval, and a is presented as
_ x2+c /[ ho | ¢ | <do (36)
xp+sign(c)(ap—d;) /2 | ¢ | >dyo

where d,g=dho, c=x; + x2ho and a9 =/d?>+8Rrp | ¢ |

To better understanding the basic theory and tracking performance of TD in path planning,
the forward flight of the airship is taken as an example. The flight acceleration, transition time
and reference position in the x-axis are defined as Rrp, Ty, and x,, respectively. The accel-
eration has the shape of the square wave, and velocity having the triangle wave. To illustrate it
in detail, in the first half of the process, the airship moves with a constant acceleration Ry,
reaching the position %" and velocity %RTD. While in the latter half, the airship moves with the
acceleration — Rpp, reaching the position x, and velocity 0.

Figure 5 shows the position, velocity, and acceleration under different reference positions
10 m, 20 m, and 30 m, respectively, with R7p=0.5 mls?. It can be seen clearly that once the
acceleration is determined, the controller will always achieve the same performance in
handling the saturation, no matter how the reference positions change. Different reference
positions will only lead to different transition times.

In this paper, the main motivation of saturation handling strategy of TD is to choose a
proper Ryp so that the direct control variables will always be within its boundary. We propose
a time-varying Ryp choosing method based on the dynamics model of the airship via the
relationship between the maximum flight acceleration and maximum propulsion force. Before
that, the following assumption is made to simplify and decouple the dynamics model.

Assumption 4. In station-keeping control, the horizontal flight is considered, and the
height of the airship remains constant.

Define *,,,,x as the maximum value of *. Recall the dynamics model (5) and replace d by a.
The maximum acceleration of the airship can be expressed by

Mt = Froac+ Fa+Fop+ F1+Md . G7)
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Under Assumption 4, only the first two rows of Equation (37) are considered. p, g and i are
not taken into consideration because of their small values. Define d, and d, as the dis-
turbances in x- and y-axes, d, andd as their estimations, respectively. Then the time-varying
accelerations in x- and y-axes are

(mO +m11) (l:tmax_ax) :fmax(Sinﬂz_Sinﬂ4) +FA(1) +FI(1) +FGB(1)
(mo+m2) (Vmax—dy) = finax (0, —singz) + F4 (2) + F1(2) + Fp(2) ..(38)

Thus the maximum accelerations in x and y axes are

Jmax (sinpy—sinpy) + Fa (1) + Fy (1) + Fgp(1) n

umm dx
mO+my,

. Jmax(Sinp, —sinus) + F4(2)+ Fr+ Fgp(2)(2) +cA1y .(39)
mo+myp

Then i1, and v, are used as the time-varying design parameters in Equation (34).

Remark 3. The propulsion force may exceed its maximum value slightly for the reason that
P, gandi are ignored. However, the saturation suppression can still be achieved by
decreasing itmax and vpax slightly.

4.0 CONTROLLER STRUCTURE AND STABILITY
ANALYSIS

4.1 Controller structure

Based on the previous section, the station-keeping controller consists of three modules:
explicit NMPC, nonlinear DOB, and TD. Its structure can be seen in Fig. 6.

In Fig. 6, wq is the reference position of the station-keeping, and w'y =[x, ¥, z,]" is the
command position planned by TD, and the other parameters remain the same as previous.

4.2 Stability analysis

From the structure of the controller, it can be seen that TD has no effect on the DOB-based
NMPC controller. It only plans a command path in the station-keeping, so the stability relies
on DOB and explicit NMPC. Now we focus on the stability of the DOB-based NMPC
controller, and the stability analysis is given as follows.

d
A
w, w,’,+ u. o y
R NHPC "% lMult'l thrust‘s >
airship dynamics
- 7 YN
d
Disturbance
observer

Figure 6. Structure of the station-keeping controller.

https://doi.org/10.1017/aer.2018.91 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2018.91

WEN ET AL NoNLINEAR DOB BASED EXPLICIT NMPC FOR STATION-KEEPING... 1767

Lemma 2. The station-keeping controller (28) for the system described in Equation (5),
Equation (1) and Equation (2) is asymptotically stable if I(x) is Hurwitz and K is properly
chosen.

Remark 4. The selection criterion of K is conducted in the following proof.

Proof. Compared with the conventional stability analysis, which often chooses a Lyapunov
function,®” this paper analysis the tracking error directly.

The position tracking error of station-keeping control is defined as

Z,? =[x—xa Ve—Va zg—Za]” ... (40)
Its first derivative is
B=z)=[ke—Xa o=V z—2a) - (41)
And the second derivative is
Gy=h—¥y Fo—Va Z—%a]’ . (42)
Define
2=k Vo %] . (43)

Recall M, , M. Substituting Equations (18) and (28) into Equation (42) gives
2} =My + RICA+A(x)|-A(x)" (KM, + M, +R§’03)}
=—KM, +R}Ce ...(44)

where K= blkdiag ([ki1, k1], ka1, k2o, [k31, k32])
Recall e and zz.z'll) can be expressed as

2, =2,+R}Ce .. (45)

Recall the presentation of K and M), , and rearrange them. Recall Equations (41), (42), and
(45). The tracking error of the control system is

) 0
zp‘|_|:03><3 I3><3:||:zp:|+|:03><3:|
1= f ... (46)
[zl, K, K ||z, €
where K;=diag (ky;, k»;, k3;), i=1, 2,3, and € = RfCe.
The tracking error of the station-keeping controller can then be expressed as

Zp=fazpte . (47)

From Lemma 1, we know that ¢ will converge to zeros if I(x) is Hurwitz. Therefore,
the tracking error can be reduced to a linear system z, =f,2,, and its global asymptotic
stability can be guaranteed by properly choosing K such that f, is Hurwitz. In this paper,
it can be achieved by adjusting the predictive horizon such that f, is Hurwitz.

Remark 5. If f, is not Hurwitz by adjusting the predictive horizon, one other way to
guarantee this condition can be described as follows: design a weighting matrix in the cost
function (19), and then tuning the weighting matrix such that f, is Hurwitz.
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5.0 SIMULATION RESULTS

In the following simulations, a multi-vectored propeller airship is used to analyze the pro-
posed method.

The parameters needed in simulation are R =2.5 m, mo="72kg, Vol="70 m> , RP=2.55m,
£, =E, =200, &=100. The center of gravity is [x¢ yo z¢] =[0 0 1.94]'m. Other
parameters needed are given in Table 1.

The initial height of the airship in ERF is 100m. The initial horizontal position is
[0 0]"m. The reference horizontal position is [x; v4]" =[20 10]"m and their derivatives
are all zeros. The maximum propulsion force is fi.x=500N. For simulation, the wind
velocity is given as [10 10 Ojm /s.

The design parameters im,x and v, are calculated by Equation (39).

The observer gain matrix of DOB is chosen as I(x) = Ix, where [ is a constant.

5.1 Parameters analysis of nonlinear DOB and explicit NMPC

In this section, the parameters / and N, are investigated. Some comparisons on the perfor-
mance are carried out by applying different / and N,, and comments are given. Then the
parameters with better performance are chosen for the next section to illustrate the effec-
tiveness of the proposed station-keeping controller.

The DOB is first examined. The predictive horizon is given as N,=1s. The estimation
performances with different /s (1, 10, and 80) are given in Fig. 7. From lemma 1, we know
that d approaches d exponentially if I(x) is Hurwitz. It means that the lager gain in DOB leads
to faster converge rate. It is consistent with the simulation result in Fig. 7 (see when /=1 and
I=10). When [ increases, overshoot can be observed (see when /=80), but the converge rate
does not change too much. Therefore, the tradeoff between overshoot and converge rate has
to be made. Thus, /=10 is choosen.

To verify remark 1, a random wind and a cosine wind field are also implemented in the
simulation, and the parameters are /=10 and N,=1s. The velocity of the random wind is
given as [10 + 0.5&,10 + 0.5&,0] m/s, where & is a random value in [ - 1,1]. The cosine wind
is given as [10 + sin(0.2£),10 + cos(0.2£),0] m/s. Figs. 8 and 9 show the results of the
estimations. It can be seen that the estimations are both converged to the wind disturbance.
The remark 1 is verified.

The explicit NMPC is then examined, and /=10 are fixed. The position responses under
different N,s(1, 2, and 3's) are given in Fig. 10. Figure 10 shows that the larger N, is, the
larger the transition time of the system is. And larger predictive horizon also leads to larger
overshoot( see in the z-axis). Thus, N,=1s is chosen (Fig. 10).

Table 1
Parameters of the multi-vectored propeller airship

Added mass Value Inertia Value
myy=my 10.8kg I, 409.4 kg.m*
ms3 38.9kg I, 409.4 kg.m’
Maq=mss 19.3 kg.m? I, 34.5kg.m?
Mg 0 kg.m? I, 0 kg.m?
Mo = M) 0 kg.m I, 0 kg.m2
M35 =Ms53 Okgm Iyz 0 kgm2

https://doi.org/10.1017/aer.2018.91 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2018.91

WEN ET AL NoNLINEAR DOB BASED EXPLICIT NMPC FOR STATION-KEEPING... 1769

20
o 15
10
S 5
AT
-5

t(s) t(s)

5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
t(s) i(s)

Figure 7. (Colour online) Disturbance observer performance under different I.
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Figure 8. (Colour online) Disturbance observer performance of cosine wind.

5.2 The controller performance

In this section, taking the wind disturbance and thrust saturation into consideration, we
implement our method to the airship. According to the previous section, /=10 and N,,=1s
are fixed in the following simulations.
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Figure 10. (Colour online) Positions under different predictive horizons.

The nonlinear DOB is illustrated with its ability for disturbance rejection. The states of the
airship with or without nonlinear DOB are given in Fig. 11. The result shows that the
controller with DOB performs much better. Specifically, the DOB can restrain the states’
variation degree, especially rolling angular velocity (its amplitude decreases significantly
from 7.8 to 0.8 radians/s). It is able to drive the airship to the reference position (otherwise,
the position of the airship cannot converge to the reference position). Since the disturbance is
mainly caused by wind field, we can conclude that wind field (disturbance) has huge effects
on the station-keeping performance. In addition, DOB has the ability of disturbance rejection,
thus, the station-keeping performance has been significantly improved. Those interested in
disturbance estimation performance can refer to Fig. 7 when /= 10.

Finally, the ability to handle the thrust saturation of TD is studied, and the propulsion
forces and deflection angles are given in Fig. 12. The propulsion forces and deflection angles
without using TD are given in Fig. 13 as a comparison. The two figures demonstrate that
when the controller equipped with TD, the maximum value of propulsion forces decreases
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Figure 12. Propulsion forces and deflection angles with TD.

from 3685N (in propeller 4 at 5.8 s) to 502N (in propeller 3 at time 13.2s). The propulsion
force slightly exceeds the given maximum value. From the comparison, it can be concluded
that the TD can handle thrust saturation efficiently.
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Figure 13. Propulsion forces and deflection angles without TD.

Remark 6. One drawback of our method lies in the theory of TD. The current TD can only
handle the amplitude saturation of the propulsion force. Problems occur if the saturation of
changing rate is considered. The drawback could be discovered in Fig. 12 as some severe
changes in the propulsion force can be observed. This could be mitigated by decreasing the
design parameter of TD.

6.0 CONCLUSION

In this paper, a station-keeping control method is proposed by using the explicit NMPC
framework. The controller can not only eliminate the influences of the wind field but also
handle the saturation of the thrusts. It can also drive the airship to the desired reference
position. Simulations based on a multi-vectored propeller airship are conducted and the ability
of saturation suppression is revealed. The simulation results show that the proposed controller
could successfully achieve the expected goals.

For future work, the problem of variation in the propulsion force and deflection angle is
still to be solved. It is suggested that some saturation suppression strategies should be
investigated, for example, taking the changing rate into consideration, so that the airship
would not suffer much from severe changes in propeller force.
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