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Longitudinal Motion Simulation of Stratospheric Airship Under
Dynamic Response of Moving-Mass Actuator
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Abstract: In this paper, a design method of moving-mass stratospheric airship with constant total mass is
presented, and the general dynamics equation based on Newton-Euler method is derived. Considering the time-
delay of the slider command response and the dynamic coupling to the airship’s state parameters, a position
tracking controller with input and state constraints was designed to make the dynamic response system of the slider
have critical damping characteristics. By taking the longitudinal attitude motion of moving-mass stratospheric
airship as the research object, parametric modeling and attitude control simulation were carried out, and the
attitude control ability of moving-mass control under different mass ratios was analyzed. The simulation results
show that the attitude control ability is not affected by airspeed, and the mass ratio of slider is the main factor
affecting the attitude control ability. The parameters of the slider controller have a direct influence on the dynamic
performance of attitude control and also determine the dynamic coupling level of the airship. Compared with the
attitude control based on the aerodynamic control surface, moving-mass control can make the airspeed and attack

angle converged to the initial state at the steady state, and keep a good aerodynamic shape.
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0 Introduction

Stratospheric airship is a typical low-dynamic aero-
stat in near spacelll. It has great application prospects
in the fields of earth observation, satellite-ground com-
munication, radio relay, high-altitude scientific experi-
ments and military application requirements due to its
unique advantages such as high efficiency-cost ratio, all-
weather operation, large load, long duration of flight
and good invisibility performance, which has received
the general attention of all countries in the world[(24.

The cruising altitude of the stratospheric airship is
generally between 18—20km. The air density in this
altitude layer is only 7%—8% of the sea level value.
Hence, the attitude control ability of traditional aerody-
namic control surface is reduced®. To solve this prob-
lem, some scholars have proposed a method for atti-
tude control by changing the vehicle’s centroid position,
which is called moving mass control (MMC)I%7]l, Gao
and Shanl®! proved that the centroid control of strato-
spheric airship is more advantageous than the one of
aerodynamic control surface at stratospheric altitude.
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For most stratospheric airships, simplest MMC is car-
ried out by adjusting the volume of ballonet. Never-
theless, due to the slow charging process, this method
can’t provide a fast response to the attitude control,
and is easy to change the buoyancy, so it is more suit-
able for attitude fine-tuning control. With the devel-
opment of MMC technology, an efficient MMC method
was designed to change interior structure of airship by
moving the liquid or solid payload, and has been veri-
fied in flight experiments(®1%. For engineering reasons,
the MMC method based on solid payload is more supe-
rior than the liquid one due to the better environmental
adaptability and less additional weight to install. Es-
pecially, the total mass of the airship can be considered
invariable when choosing part of the existing energy
equipment as solid payload. In the current published
literature, the dynamic model and handling character-
istics of typical moving-mass stratospheric airship were
provided 12 from which the scholars mainly focused
on the attitude control ability and static trim method
of the moving-mass actuator. Chen et al.'3] proposed
a composite control strategy based on moving-mass ac-
tuator and aerodynamic control surface, which was first
reported publicly in the field of stratospheric airships.
However, the response process of the actuator was sim-
plified as a motion with constant speed for simulation.
As a matter of fact, the dynamic response capability



J. Shanghai Jiao Tong Univ. (Sci.), 2022

of MMC actuator should be taken into consideration
due to its strong time-delay and coupling characteris-
tics. Therefore, it is of practical significance to study
the attitude control ability under the dynamic response
of moving-mass actuator.

In this paper, by taking the energy equipment as the
mass slider. First, a design method of moving-mass
stratospheric airship with constant total mass was pre-
sented, and a general dynamics equation was derived.
Then, a position tracking controller of slider with input
and state constraints was designed and the dynamic re-
sponse parameters of the slider were obtained. Finally,
the longitudinal motion simulation of stratospheric air-
ship under dynamic response of the slider was estab-
lished. From the open loop and closed loop controls
respectively, the attitude control response and coupling
characteristics were analyzed and compared with the
ones of elevator.

Note: Unless otherwise specified, all vector parame-
ters are expressed in the airship coordinate system, i.e.
(x,9,2)T = 2i + yj + zk, where 1, j, k are unit vectors
along the airship axial (front), lateral (right) and ver-
tical (bottom) directions respectively, which meet the
right-hand rule.

1 Problem Description

The centroid position and rotational inertia of the
stratospheric airship are no longer fixed under the
change of internal structure. In addition, when the
slider moves, it also has a corresponding coupling ef-
fect on the state parameters of the airship, which is
mainly reflected in the following aspects.

1.1 Influence on Centroid and Rotational In-
ertia

Assuming that n energy equipment original located
in the position of gondola R, = (zp,Yp,2p)" can be
transformed to sliders with mass of mqy,ms,---,m,
respectively, the new position of each slider is R; =
(wi,9i,2)T,i=1,2,---, n. Ignoring the mass of sliding
rail, the airship body mass without sliders is expressed

n

as mp = m — Zmi’ where mdenotes the total mass

=1
of the airship. According to the centroid theorem, the

body and entire centroid of airship can be defined as

(25 Rco — ZMiRp
Rp=|yp|=——5——
| 2B 1- Zﬂi
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where p; = m;/m, i =1,2,--- ,n denotes the propor-

tion of the slider in the total mass, and Rgo denotes
the original mass center of the airship. The rotational
inertia of airship changes following with the position of
slider, which can be deduced as
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where Ip, Iy, Lo, Iuyys Iyzy, and I, denote the origi-
nal rotational inertia.

1.2 Influence on Centroid Velocity

The velocity of body centroid and mass sliders rela-
tive to inertial coordinate system can be written as

Ve =W +wx Rp
Vi=Vo+twx R, +R; ¢, (3)

i=1,2,-,n

where Vo = (u,v,w)T denotes the velocity of the
body-centred Oy, relative to inertial coordinate system,
w = (p,q,r)T denotes the angular velocity vector of
airship rotating around Oy, and R, = OR, /Ot is the
velocity of each mass slider relative to Op. According
to the velocity composition theorem, the velocity of en-
tire centroid relative to inertial coordinate system can
be written as

Vo = VO+wXRG+ZMiRi, (4)
i=1
0 —r ¢
wi=1r 0 -pl|,
-¢ p O

where w> is the cross multiplication matrix of angular
velocity vector.
1.3 Additional Force and Moment of Slider

According to Newton’s second law in inertial coor-
dinate system!'*16 the expression of entire centroid
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dynamic equation in body coordinate system is

dVg
F=m=g
L:/’I’iXdEZ
- , (5)
/Br x d +i:1R1><m i

where F' and L denote the resultant external force and
moment of the airship respectively, dV /dt and dV;/dt
are the absolute derivatives of the entire centroid veloc-
ity and the slider velocity of the airship to time, respec-
tively, dF; denotes the external force on the mass ele-
ment, r; denotes the radius vector of dF;, [ (-) denotes
v
the integral of element in the whole airship system, and
/ (1) denotes the integral in airship body only. Based

B
on the vector derivative law, there are

dV .

d—tG:VG‘F(AJXVG
dd‘f:"/;ﬂwaV; ' (6)
1=1,2,---.n

) ) )

The following dynamical equations can be derived
from Egs. (3)—(6):

F=m[Vy+ @& Rg +w*Ra + »_ piRi+
=1

wx(% +wXRG + Zj:l ,Lth)]
L = Iy + w* (Low) + mRE (Vo + w* Vo) +
ZmlRlX (2wXRi + Rl)

i=1

where Iy denotes the rotational inertia matrix of the
airship (including mass slider) relative to Oy, and its
value varies with the position of slider. R and R (i =
1,2, ,n) are the cross multiplication matrices of the
entire centroid and mass slider position of the airship,
respectively.

Define = (Vp,w)T as the state variable of the air-
ship, x; = (Ri,Ri7R¢)T, 1 =1,2,---,n as the state
variable of sliders, then Eq. (7) can be written as

M(Rl).’ll = f(m,Ri,U)—FPm(CL’,CL'i), (8)

i:1727"'7n7

where M (R;) denotes the additional mass matrix vary-
ing with the slider position, f(x, R;,U) denotes the
nonlinear force and moment terms driven by input
U, which is composed of thrust T, aerodynamic A,
inertial I, buoyancy B and gravity G. Py(x,x;),

i = 1,2,---,n denotes the additional force and mo-
ment exerted on airship by sliders. The expression can
be obtained according to Eq. (7):

Zmz(Rz + 2wXRi)
P, = =1 ) (9)

ZmleX (RZ + 2wXRi)
=1

When R, = R; = 0,i=1,2,---,n, there is no rel-
ative motion between sliders and airship, and the ad-
ditional term P,, = 0. Thus, the relationship between
flight attitude and slider position presents a static cou-
pling characteristic. For another situation, when the
slider is controllable and moves relative to the airship,
P,, becomes time-varying, and its value is determined
by command response capability of the slider. There-
fore, the influence of slider control response process on
airship motion state should be considered.

2 Parametric Modeling

2.1 Design of Moving-Mass Mechanism
Considering that the standard motion attitude of

stratospheric airship is ¢ = § = 0, the centroid moment

of airship near the standard attitude can be deduced as

Lc = Re x G = (yoG, —2¢G,0)",  (10)

where G = mg represents the gravity value of the air-
ship, and constant g is the gravitational acceleration.

This shows that MMC method can achieve the con-
trol of pitch and roll torque, but cannot directly change
the yaw torque. In addition, since the centroid of the
airship is located below the body-centred and in the
symmetric plane, the airship is self-stable in the rolling
direction. Thus, there was no need to control roll torque
without external disturbance. For streamline strato-
spheric airship, the inner surface at the bottom of the
envelope is the best choice to install MMC mechanism,
which can provide a large sliding space for sliders in
the axial direction. The centroid component xzq varies
greatly with the position of the slider, and brings a
good operation ability in the pitch direction, which has
practical engineering significance. In this paper, the
250 m high altitude airship (HAA) in the United States
is taken as the research object, and the original param-
eters are derived from Ref. [17]. The key parameters
are listed in Table 1.

Suppose there is a sliding rail L parallel to the longi-
tudinal axis with a length of 100m installed at the inner
surface of the bottom of the envelope, and its center po-
sition is at the maximum diameter of the envelope. One
energy equipment with mass of my, from the position of
gondola Ry, = (2p, yp, 2p) T is transferred to the sliding
rail L as a slider, which can slide freely on the rail L.
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Table 1 Original airship parameters

Parameter Value Unit Remark
m 5.6 x 10% kg Total mass
\Y 7.4 x 10° m3 Volume
L 250 m Length
D 75 m Max diameter
Rg, = (zq,y,YGe» zGO)T (0,0,15)T m Original entire centroid
Ry = (xp,Yp, 2p) T (0,0,40)T m Gondola position
Rt = (z7, %y, 27)T (0,+£5,40)T m Left (right) vectored thruster position
I 5 x 107 kg - m?
Iy, 2.9 x 108 kg - m? Original rotational inertia
I, 2.9 x 108 kg - m? Tpyy = Iyzy =0
Ioz —6 x 108 kg - m?
ka 0.17 —
kp 0.83 — Added mass coefficients
ke 0.52 —

Figure 1 shows the definition of coordinate systems and
the structure diagram of moving-mass airship.

Fig. 1 Structure diagram of moving-mass airship

For simplification, the rail L. can be approximately
equivalent to a straight segment parallel to the coor-
dinate axis Xy, if the envelope of the airship is enough
large. The slider parameters can be obtained as follow:

Ry, = (71,91, 21)" = (X1,,0,0)T
Ry, = (d1,91,40)" = (X1,0,0)" }, (11)
Ry, = (éL, i, 20)" = (X1,,0,0)T

where X1, X1, X1, represent the displacement, velocity
and acceleration of slider relative to the center of slid-
ing rail, respectively. b = D/2, where D denotes the
maximum diameter of envelope. The additional force

and moment terms from Eq. (9) can be rewritten as

RL + 2wXRL
Pm = —my .. . =
R (Ry, +2w*Ry)
_ XL -
2TXL
—2¢Xy,
—2bTXL
bXL + 2qXLXL

2’I’XLXL

(12)

It is obvious that the motion of the slider is coupled
to each channel. Fortunately, it can be decoupled from
the longitudinal motion (v = p = r = 8 = 0). Based
on this, the coupling characteristics of the slider can be
analyzed from the longitudinal motion of the airship.

2.2 Longitudinal Motion Equation

Without considering external disturbance, the longi-
tudinal motion equation of airship can be decoupled by
Eq. (8). The affine nonlinear form is as follows:

My, (Xy1)r, = fi(xr, X1, X1, X1, 0)+
By, (x1)Uy, (13)

where x1, = (u,w,q)T denotes the longitudinal state
variables, and Uy, = (T, T%,8.)T denotes the control
input of trust and elevator. Other parameters are as
follows:
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(1) Additional mass matrix:

m 4+ miq 0 mzag
My,(XL) = 0 m+mss  —mag |, (14)
mza —-mxg I, +mss

st za = zg, + pL (XL — zp),
2G = ZGo — MLZp,
I, = I, +mu(X{ +b* —20).

(2) Nonlinear term:

mzgq? — (m+ma3)wg + (B — G)sinf + Xaro — mr X1,

fu(zr, X1, X1, X1,,0) =

(m +mi1)ug + mzaq® + (G — B) cos 0 + Waro + 2mpngXe , (15)

—mzguq — mzgwq — xcGcos — zgGsin @ + May,o — 2quXLXL — bmy X1,

where B denotes the buoyancy value of the airship.
(3) Control coefficient matrix:

By (zr) =
1 0 QooSret(—Cyr cosa + Clesina)
0 1 QooSret(—Csina — C% cosa)| . (16)
2T —IT Qo V C

In Egs. (14)—(16), zg,2c denote the coordinate
components of centroid, Qoo = 0.5p,;;V;% is the dy-
namic pressure, p,i; denotes the air density, V, =
Vu2 + w? denotes the airspeed, o = tan™! (w, /u,) de-
notes the attack angle, St = v2/3 denotes the ref-
erence area of airship, V is the volume of envelope,
C% =~ 0, C% = 0.16, C% = —0.21 denote the coef-
ficients of elevator, zT, zT are the coordinate compo-
nents of vectored thruster, and Xarg, Waro, Maro rep-
resent the aerodynamic force and moment independent
of input parameters in forward, vertical and pitching
directions, respectively. According to the definition of
aerodynamic force in Ref. [18], these terms can be de-
duced that:

XaLo = QooSret[—(Cro + CSa) cos a+
(Coo + Cla)sina]

Waro = QooSret[—(Cro + Coar) sina—
(Cro + Ca) cosal

Maro = QuoV (Coa+ Cé + Clq)

, (17

where Cyq, Cro,CY, CY,C%,C% and CY are the aero-
dynamic coefficients of the airship.

3 Slider Controller Design

The dynamic response of the aerodynamic control
surface can be expressed by a first-order transfer func-
tion. Taking the elevator as an example:

1

*5) =15y

5cd(S)7 (18)

where doq denotes the desired control input of eleva-
tor, d, denotes the actual output of the actuator, S is
the frequency domain parameter, and T} is the tempo-
ral response constant. The dynamic process is usually
ignored in that the response time of such actuator is
much shorter than each motion mode of the airship.
By comparison, the low control frequency, obvious dy-
namic response process and coupling influence of MMC
mechanism make the control response process shall be
taken into consideration.
3.1 Tracking Control Model

In this paper, the slider is regarded as a position
tracking control subsystem, and the controller is de-
signed independently to let the output Xy, tracking the
desired signal XLd(XLd = Xpq = 0). Let X1, be the
control input of the slider, and the state variables are
X1, XL. Assuming that the state of the slider is observ-
able, then the linear tracking error feedback control law
can be designed as

uc = kier, + koér, (19)

where e, = X1,q — X1, is the position tracking error of
the slider. Its first derivative ép, = XLd — XL = —XL
denotes the velocity tracking error, its second deriva-
tive é, = Xpg — X1 = —XL. ki1, ko are the control
gain coefficients. Define tracking error state variable
E = (er,é1)". Then, the state space expression of the
tracking error system is

E = AE + BX,, (20)

0 1 0
A= , B= .
0 0 -1
Actually, the input Xy, is limited, so it can be ex-
pressed by the saturation function:

K = (k1, k2), (21)

X1, = sat(ue) = sat(KE),

where Ko denotes the feedback matrix, and the sat-
uration function is defined as

sat(ue) = sign(ue) min(Umax, |te|), (22)
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where upmax denotes the limit of input, then the closed-
loop form of the error system is

E = AE + Bsat(KE). (23)
The linear control region can be determined by K:
LK ={EcR?: |KE| < tUmax}- (24)

3.2 Stability Analysis with Input Constraints

According to the definition of asymptotically null
controllable with bounded controls (ANCBC)™ | if sat-
isfied: (A, B) is stabilizable; \(A) C C~ U C°, the
global stabilization of the system is possible even if
the input is limited. A(A) denotes the set of all the
eigenvalues of A, C~ denotes the open left-half com-
plex plane, and C° denotes the imaginary axis in the
complex plane.

Obviously, system (23) is an ANCBC system with
MA) = +i ¢ C- UCY and rank(AB,A) = 2. If
A+ BK is Hurwitz stable, the eigenvalues of A+ BK
should be satisfied:

—ky £ /K2 — 4k

2

)\(A + BK) = )\172 = cC . (25)

Thus, if k1, ke meet the condition in Eq. (25), the
final stability of the error system can be realized, even if

the error system may appear in the nonlinear saturation
region, it will turn back to the linear control region and
tend to be stable, as shown in Fig. 2, where S(Ey) is
the initial state region, and ®(t, Ey) is the solution at
the time of ¢ from the initial state E.

KE=u

1 ‘max
eL
L’ €L,

Fig. 2 Description of saturation control for ANCBC sys-
tem

KE="—u

max

3.3 Constraint Processing

Assuming the sliding rail is smooth, the control struc-
ture of the slider subsystem is shown as follows:

From Fig. 3, the desired position X4 and velocity of

.. Atuator. N X
: Driving |: .. P
¢ Upper © ) Slider Uil module | XL| Physical | XL i
; controller rai, %) controller M Braking | | DO P pimie 17, 3 Alrship |
. module_|: N XL i
H ' JXL --------------- ' 0
S B T L § L —

Fig. 3 Structure drawing of slider controller

slider X1q can be solved by the upper controller. The
actuator of the slider subsystem is divided into driving
and braking modules, which are worked in acceleration
and deceleration processes respectively. Physical limit
is a constraint on the motion range of slider, satisfying
the following conditions:

XL - XL_max
if X7, 2 Xpmax = § X1, =0
X, =0
(26)
XL - _XL_max
elseif X1 < — X7 max = ¢ X1, =0
X, =0

3.3.1 Position Constraint Processing
The motion of the slider will be cut-off when X7, ex-
ceeds the position limit X1 _nax. In order to prevent

this phenomenon cause by the overshoot of control re-
sponse, let the desired signal |Xr4| < Xp_max, and
the relationship between k1, ko satisfy the condition of
k3 > 4k; > 0. Hence, the eigenvalues of A + BK
will have no imaginary part. While in the linear con-
trol region L(K), the tracking error system will be
worked as a second-order system with critical damping
or overdamping characteristics, and can ensure V¢ > 0,
| X1 (t)] < X1L_max- Especially, when the tracking error
system is critical damping (k3 = 4k1), it can take the
shortest time to stabilize.
3.3.2  Velocity Constraint Processing

The velocity constraint of the slider can be expressed

as ’XL’ < Umax. In order to deal with this constraint,

the control of slider is divided into two case, which is
judged by the sign of ucXT,.

(1) Case 1. If u. Xy, > 0, the driving module works,
which makes the slider speed up. Mark ucy as the
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control input produced by driving module, written as

sign(Vmax — € — |XL|) +1
2 9

Ut = Ue (27)
where € > 0 is relatively small value. In this case,
when |X1| — v5,., tey = 0, the velocity of slider keeps
unchanged, unless breaking module works.

(2) Case 2. If u. Xy, < 0, the breaking module works,
which makes the slider slow down. Mark u._ as the
control input produced by breaking module, and u.— =
Ue.

Thus, the velocity of slider can be limited. The region
of control cases and the change trend of the tracking
error are shown in Fig. 4.

ér(—X1)
Cas 1\-/ Case 2
ase L region
region /\_\ ;
Y max
N\ EO jeL(iXL)

\/ Case 1

M region
/,\.
N

'uC:KE\zo

Fig. 4 Control cases and change trend of the tracking error

3.3.3 Input Constraint Processing

Considering the advantages of ANCBC system in
control stability, the input saturation is allowed in the
controller. In different cases, the input of slider can be

expressed as
Case 1
. (28)
Case 2

The definition of saturation function is as follow:

X1, = saty (uey),

X1, = saty (uc_),

saty (et ) = sign(uct) - min(Urmax+, [Uet|)
sat_ (uc—) = sign(ue—) - min(upmax—, [te—|)
nP

leXL|7

, (29)
s.t. ULmax+ = min ( ﬂdrivc)
where urmax+ and upmax— are the driving and brak-
ing constraints of the slider respectively, P is the rated
power of the driving motor, n is the conversion effi-
ciency of electrical to mechanical energy, and Uqrive 1S
set to prevent the starting acceleration from being too
large.

The controller design process of slider subsystem is
shown in Fig. 5.

Driving n-lodule works )(.(case i) Brake works (case 2)
— uCSIgn(Umax_2E_‘ L|)+ Up = U,
_Constraint Constraint
Xp=sat, (u.) Xp,=sat_(u,_)

Fig. 5 Slider controller design process

3.4 Control Gain Coefficients Design

From Section 3.3, the relationship between k; and
ko is identified. Thus, the feedback matrix can be ex-
pressed as K (k1) = (k1,2vk1), k1 > 0. Then, the lin-
ear control region £(K) can be adjusted by k;. If the
initial state region S(Ep) is known, a conservative k;
can be obtained to let S(Ey) C L(K), then the input
saturation will be avoided as far as possible.

In this paper, set Ugrive = 2m/s2, X1, max = 50m,
P = 20kw, n = 0.75, my, = 2800kg, vmax = 4m/s.
According to the position constraint, we can assume
that S(Eo) = {Eo = (eLo,O)T S R2| |€L0| < 2XL_max}'
Figure 6 shows the relationship between initial state

Udrive
—— =10.02
2XL_max ’

it can be ensured that the initial state region S(Ey) C
L(K) completely.

and linear control region. When k; =

ér,
A
“. KE=2
L(K) .
o o e
—100™-.. S(E,) 100 .
KE—=—2"

Fig. 6 Relationship between initial state and linear control
region

Assuming that X1,(0) = —50m and X4 = 50 m, the
step response of the sliding block control system with

different control gain coefficients is shown in Fig. 7.
In Fig. 7(a), k2 = 2v/k1 is fixed, which means the
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(a) Comparison of k

— I =0.02, ky=2/F;
------- l=0.002, k=2/k

k=02, k=2

60 80 100

(b) Comparison of k,
— k=002, ky=2/k -k =0.02, k>2/k
------- k1 =0.02, ky < 2\/k;

Fig. 7 Comparison of step response with different slider control gain coefficients

tracking error system is critical damping, there is no
overshoot phenomenon in the step response, and the
velocity constraint is handled well. The larger k4 is, the
faster control response will be, although the input sat-
uration occurs. In Fig. 7(b), k1 = 0.02 is fixed. When
ky < 2v/k1, the system is underdamped, and the motion
of slider is cut-off due to overshoot. When ko > 2v/k1,
the system is overdamped, and has a poor response per-
formance relative to the system with critical damping
characteristics.

Therefore, it is reasonable to design the control gain
coefficients by setting ko = 2v/k;, and the specific de-
sign of k; depends on the requirement of response per-
formance in attitude control.

4 Attitude Control Simulation

4.1 Operation Ability Comparison

If the airship can keep a steady flight at zero attack
angle with airspeed of Vj in the longitudinal plane. In
such steady-state condition, the airship has no attitude
rotation with ¢ = 0, the longitudinal state variable
keeps @1, = 0, and the slider is at a relatively static
state with X1, = X1, = 0. Assuming that the airship al-
ways keeps the float-weight balance with B = G, then,
at steady state time, the relationship between control
variables and state variables in longitudinal motion can
be obtained by Eq. (13):

Ta: - QooSref(Ca:O + Cge‘se) =0
Tz - QooSref(CzO + Cgcée) =0

Tsz — TZZIIT + Qoovcgf(sc_
2aGcosh — z2gGsinf =0

(30)

In order to compare the attitude control ability of

slider and elevator at different airspeeds and mass ratios
of the slider, respectively, taking individual maximum
control value, the pitching angle is calculated at the
airspeed ranging from 0 to 30 m/s in the case of different
mass ratios g, = mr/m. The comparison results are
shown in Fig. 8.

— pp,=0.05, Xp, =X]_ax - -, =0.05, 8.=6,,.

- ,u’L:O'lOa XL: XL,max - /LLZOIOa 59,: 6max

—pp,=0.15, X; =X|_ax -~ . =0.15, 8.= 0.«
40 /’LL:0'207 XL: XL,max T IML:O'207 6e: 6max
----- Without trust moment

35k
30 '—_///
.

25+ ’0’
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\?é 201 *

g o‘
< .

tor Vb\ g
_/a/
10' ¢

Va/(m-s™1)
Fig. 8 Comparison of pitching angle operation ability be-
tween slider and elevator at different airspeeds and
mass ratios

In Fig. 8, four real curves represent the relation-
ship between the maximum pitching control ability of
slider and airspeed, under different mass ratios of slider,
respectively. It can be seen that the greater value
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of py, brings the stronger pitching angle control abil-
ity of the slider. The upward trend of the curves is
caused by the moment of thrust which is proportional
to V2. If the vector thrust is installed on both sides of
the equatorial plane of the envelope, zr = 1 = 0,
the moment of thrust Lr, = 0, thus the pitching
control ability of the slider will be a constant value
_1 rgo + NL(XL_max - :L'p)
2G0 — MLZp
which is shown as a black straight line. Another four
dotted curves represent the relationship between the
maximum pitching control ability of elevator and air-
speed, under different mass ratios of slider, respectively.
It can be seen that the pitching control ability changes
greatly at different airspeeds. The critical airspeed W,
at the intersection of two types of curves shows that in
which situation the pitching operation capability of the
two actuators are the same. When V < V4, the pitch-
ing operation ability of the slider is greater than that
of elevator, otherwise will be reversed. Furthermore, V3,
increases as py, increases, and the relationship between
p1, and V4 is shown in Fig. 9.

Omax = tan at any airspeed,

VII]HX
B e e
T
; 20r — P20 1an =0.089 kg/m?
< """" pground: 1.290 kg/m3
e
g 10_ ........................
[ I 1 Il I
0 0.05 0.10 0.15 0.20
M,
Fig. 9 Relationship between mass ratio u1, and critical air-
speed V;,

In Fig. 9, the two curves represent the variation
ofVi, with gy, in the near-surface (Okm) and strato-
spheric (~ 20km) atmospheric environments, respec-
tively. The velocity range in the upper half plane of
the curve indicates that the operational capability of
elevator is greater than that of the slider, otherwise
will be reversed. Assuming the maximum airspeed
Vinax = 30m/s, it can be seen that in the stratospheric
atmosphere, when pur, > 0.135, V4, > Viyax which means
that the operation ability of the slider in the whole air-
speed range is greater than that of elevator, that is, the
MMC method can completely replace the elevator for
pitching angle control in the range of f.. While at
the flight altitude near the ground, the value of V;, is
generally small, the operational efficiency of the eleva-
tor is significantly improved, and the airspeed range is
mostly located in the upper half of the curve. Thus,
the composite attitude control can be considered.

4.2 Analysis of Attitude Control Response and
Coupling

When the MMC mechanism is used for attitude con-
trol, it is necessary to associate the dynamic response
performance of the slider with the coupling effect on
airship. Based on the slider controller and MMC
model designed above, under the initial conditions of
Vao = 20m/s; ag = 0, 6y = 0, the airship is controlled
to track the desired pitching angle 83 = 10° by MMC
method. During the control period, the elevator keeps
zero and thrust is remained unchanged.
4.2.1 Open-Loop Attitude Control Response

The open-loop control of airship attitude does not
require the feedback of airship state parameters, so the
control value is determined by the expected attitude at
the steady-state moment only. According to Eq. (30),
the relationship between the steady-state control value
Xrq which the slider needs to track and the desired
pitching angle 84 can be derived as follows:

CzOQoodSrcfZT - ZGG sin Hd
11, G cos Oy

XLd = ’ (31)

1
where Qooq = 3 pmVaz0 denote the dynamic pressure at

steady state.

Setting the simulation parameters as up, = 0.05,
pair = 0.089kg/m3, ko = 2v/k1, the initial position
of slider X1,(0) = Xrdlg,—0. The comparison of atti-
tude control response and coupling effect of airship in
different control gain coefficients k; is shown in Fig. 10.

- - -
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4 —— %k =0.01 ——ESOC
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t/s

Fig. 10 Comparison of attitude control ability and cou-
pling effect

In Fig. 10. Airspeed (V) and attack angle («) are
coupled differently under different k;. While at the
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final steady state moment, all the coupling effect will
be disappeared, which indicates that the MMC method
does not change the aerodynamic shape. In terms of at-
titude control response performance, if k1 is too large,
the pitching angle will be overshoot, while too small
will deteriorate the control response capability. Thus,
k1 should be carried out by comprehensively consid-
ering the overshoot and adjustment time of attitude
response. According to the simulation results, the at-
titude response has better dynamic performance by
selecting k1 = 0.01, which overshoot remains within
8%, the rise time ¢, ~ 32s, and the adjustment time
ts(A = 0.05) =~ 64s.

The black real curves in Fig. 10 are the attitude and
velocity response curves when the elevator step open-
loop control (ESOC) is adopted in attitude tracking.

20 — ;= 0.05
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Fig. 11

4.2.2 Closed-Loop Attitude Control Response

To further improve the dynamic performance of at-
titude control, the upper closed-loop controller can be
designed by introducing tracking error feedbacks 6, and
f.. The dynamic tracking position of slider is expressed
as

Xra = Xva + ksbe + kb
0. =0 — 04
ée = q_éd

: (32)

where k3, k4 denote the control gain coefficients in the
upper attitude controller. Figure 12 shows the attitude
closed loop control response comparison.

By comparison, the ESOC can quickly adjust the at-
titude, but also produces a coupling effect on the ve-
locity of airship. However, the coupling effect on the
attack angle cannot be eliminated at the steady-state
time, which should be compensated by other control
forces. This is the main difference between aerody-
namic control surface and MMC mechanism in attitude
control.

Figure 11 shows that although Xpa varies because
the mass ratios is changed, and the attitude control
response and the dynamic coupling effect of the slider
are still keeping unchanged under the same slider con-
troller parameters, which indicates that for the same
attitude control target, the attitude control response
characteristics of MMC are related to the slider con-
troller parameters instead of the mass ratio of slider.
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990V,
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<51
S}
0 50 100 150 200
t/s

Comparison of moving-mass attitude control response with different mass ratios

From Fig. 12, the closed-loop control can effectively
improve the stability and response speed of attitude
control. Compared with open-loop control, the ex-
pected tracking value X4 is no longer a constant value
under the feedback of tracking error, and the control
gain coeflicient ki increases by 50 times, which causes
the dynamic response performance of slider is signifi-
cantly improved. The control gain coefficients ks and
k4 of the upper controller are the main parameters to
adjust the dynamic performance index of attitude con-
trol. The larger k3 is, the faster attitude response speed
and the larger overshoot are. Meanwhile, the dynamic
change range of X14 is enlarged. k, is mainly used to
reduce overshoot and overcome oscillation, but inhibits



J. Shanghai Jiao Tong Univ. (Sci.), 2022

10 — Closed-loop: k;=0.5, k;=100, k,=2 800
ol - - -Closed-loop: k =0.5, k3=400, k=2 000

Closed-loop:
Elevator

50 100

160 200

A10::_'"'m:::::::::::::::::::::::::::::::
< / Closed-loop: k;=0.5, k&3=100, k,=2 800
~ .

= 5 ! - - -Closed-loop: k,=0.5, k=400, k,=2 000

————— Closed-loop: k,=0.01

— Closed-loop: Elevator . .
0 40 80 120 160 200
t/s

Fig. 12 Comparison of closed-loop control

the rise time of attitude response.

The black real curves in Fig. 12 represent the re-
sponse curves of the closed-loop attitude control un-
der the elevator. With the same error feedback control
method by choosing k3 = 50 and k4 = 150, the first-
order response time constant of the actuator is set as
7 = 0.05s. Through comparatively analyzing the two
types of control methods, the actuator d, has a shorter
action time, and a better dynamic performance index
of attitude control with faster response speed and non-
overshoot. Therefore, if only considering the attitude
control performance, the attitude control through aero-
dynamic control surface is more effective than the one
by MMC in the operating capacity range.

4.2.3 Dynamic Coupling Analysis

The additional force and moment in the longitudinal
plane produced by the dynamic response process of the
slider can be obtained from Eq. (12):

AP, 100000
P.o=|AP,|=10 0 1 0 0 0| Pu=
AP, 000010
Xy
—my, —2¢ Xy, : (33)
bXL+2qXLXL

The additional acceleration effects on airship can be
further analyzed qualitatively as:

Aty
Aay, = Aty

Ay,

= M; P (34)

Taking the two MMC methods corresponding to
the red real curves in Fig. 10 (open-loop control) and
Fig. 12 (closed-loop control) as examples, the chang-
ing processes of P, are shown in Fig. 13, which shows
that although the closed-loop control can improve the
dynamic performance of attitude tracking, the stronger
coupling effect on the airship and the more obvious
oscillation of the slider will be taken. Comparing
the influence on the axial force, it can be seen that
AP, > AP,, and the additional acceleration effects
caused by closed-loop control method are in the order
of Aty € 107 m/s” and Auy, € 1073m/s*, respec-
tively. The influence on pitching moment is propor-
tional to AP,, and the additional angular acceleration
caused by closed-loop control method is in the order of
Ariny, € 1073 rad/s”.

5 000
0
—5 000

AP,/N
o

—200

40 50 60
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— Closed-loop control coupling
- - - Open-loop control coupling

Fig. 13 Comparison of dynamic coupling

Therefore, if the dynamic performance index of at-
titude tracking under open-loop control method meets
the design requirements, the steady-state tracking po-
sition X1,q can be directly used as the output of the
upper attitude controller to minimize the complexity
of controller design and the dynamic coupling effect on
airship motion.

5 Conclusion

In this paper, a design method of moving-mass
stratospheric airship based on constant total mass is
presented, and the general dynamic equation is de-
rived. For streamlined airships, the design scheme of
MMC mechanism is proposed, and the attitude opera-
tion abilities of the two types of actuators under differ-
ent airspeeds and mass ratios of slider are compared and
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analyzed. A slider position tracking controller with crit-
ical damping is designed in the presence of input and
state constraints. Combined with the dynamic response
process of the slider, through the open-loop and closed-
loop control simulation, the attitude control response
ability and coupling characteristics of the two types of
actuators for the airship motion are compared and an-
alyzed. The main conclusions are as follows.

(1) The attitude operation ability of MMC method
is only related to the mass ratio of the slider instead of
airspeed.

(2) The slider position tracking system with criti-
cal damping characteristics can avoid the cut-off caused
by response overshoot. For the same attitude control
target, the attitude control response characteristics of
MMC are related to the slider controller parameters
instead of the mass ratio of slider.

(3) The closed-loop attitude control by MMC method
has better dynamic performance index than that in
open-loop control, but has a greater impact on the dy-
namic coupling of airship motion.

(4) In open-loop attitude control, the parameters of
slider controller can directly affect the dynamic perfor-
mance index of attitude tracking. If the index meets the
design requirements, the complexity of controller design
and the coupling effect of slider can be minimized by
adopting the open-loop control method.

(5) The MMC method does not change the aerody-
namic shape of the airship, and the airspeed and attack
angle can converge to the initial state at the final steady
state moment. If only considering the attitude control
performance, the attitude control through aerodynamic
control surface is more effective than the one by MMC
in the operating capacity range.

In the future work, we will focus on the dynamic
response characteristics and attitude control ability of
moving-mass actuator, take the control efficiency and
energy consumption as the optimization objectives, and
carry out the research on the composite attitude con-
trol and allocation method based on MMC mechanism
and aerodynamic control surface. At the same time,
aimed at the problems of actuator failure, external dis-
turbance and model inaccuracy, the fault-tolerant con-
trol should be studied.
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