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This paper proposes a modeling approach for the nonlinear dynamics simulation of airships. The flight mechanics,
aerostatics, and aerodynamics are incorporated into the model. A comprehensive estimation method is provided for
the aerodynamics, including added-mass terms, viscous effect, forces on the fins, forces on the hull due to the fins, and
axial drag. A simulation program is developed from the dynamics model and applied to analyze the control responses
of the Skyship-500 airship. A comparison between the simulation and flight test results for different control inputs
shows that the dynamics simulation gives a reasonable estimation of the flight behavior. The dynamics model is then
linearized using a finite difference approach and the linear model is applied to investigate the stability of longitudinal
and lateral motion at various speeds. With the trust gained from validation, the dynamics model and simulation
program can be used to evaluate the flight and control performance of other airships.

Nomenclature

state matrix and input matrix of the linear
model, respectively

fin semispan

drag, lift, and pitching moment coefficients
zero-angle axial drag coefficients of hull and
fins, respectively

3-D and 2-D lift curve slopes of the fins
airfoil chord and flap chord

force vectors due to gravity and aerostatics,
respectively

normal forces (in y and z directions) acting
on a fin

normal forces acting on the hull due to the
fins

normal forces (in y and z directions) due to
viscosity on the hull

acceleration of gravity

inertia tensor of the airship

added-mass factors of ellipsoids

3-D efficiency factor for the aerodynamics
of control surface deflection

body-fin factor

mass matrix of the airship

added-mass matrices of the airship, the hull,
and the fins, respectively

rolling, pitching, and yawing moments from
Fxe

pitching and yawing moments from Fyy
total mass of the airship

elements of added-mass matrices M,y and
M 5, respectively

cross-sectional added mass and moment of
inertia of the fins
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mass and moment of inertia of the air
displaced by the hull

dynamic pressure

hull cross-sectional radius

position vectors of the CG and CV from the
body-frame origin

hull cross-sectional area

flap and fin area, respectively

reference areas for the axial drag of the hull
and the fins, respectively

spanwise position

equilibrium control input and disturbance in
control input

equilibrium speed

airspeed

airship volume

linear velocity vector

local velocity perpendicular and parallel to
the fin surface, respectively

downwash due to the fins

equilibrium state vector and disturbance in
state vector

coordinates of a point in the body frame

x coordinates of the start and the end
positions of the fins

geometric and effective angles of attack of
the fins

angle between centerline and velocity vector
d0AC,/0da, where AC, is the pressure
coefficient of the airfoil

elevator and rudder deflection, respectively
longitudinal distance from the nose
efficiency factor for the crossflow drag due
to the finite length

correction factor for the flap effectiveness
factor

efficiency factor for the fin added mass due
to 3-D effect

eigenvalues

air density

theoretical flap effectiveness factor

forces and moments from aerostatics and
added mass, respectively

forces and moments from inertia, gravity,
and control, respectively

angle from the oxz plane to the fin surface
plane

Euler angles

angular velocity vector
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I. Introduction

N THE past few years, researchers have become increasingly

interested in airships, because these aircraft can provide long
endurance, high payload-to-weight ratio, and low fuel consumption
[1-4]. The resurgence of airships has created a need for accurate
dynamics models and simulation capabilities to analyze their flight
behavior and to design their control systems.

A number of textbooks, such as [5], have derived the equations of
motion for conventional aircraft, for which certain solid—fluid
interaction forces can be neglected, such as buoyancy and those
related to the inertia of the surrounding air. However, these forces
become important for airships because their flight relies on a light
lifting gas rather than aerodynamic lift forces. This distinguishing
feature implies that their dynamics models must include a more
complete formulation for the interaction forces between the body and
the air. A number of airship models have been presented in the
literature. Tischler et al. [6] derived the nonlinear equations of
motion and developed the simulation program HLASIM for the
design of heavy lift airships; Jex and Gelhausen [7] applied their
model and frequency-domain fitting technique to predict the control
responses of the Skyship-500 airship. Amann [8] followed the
aerodynamics prediction method of Jones and DeLaurier [9] and
developed a dynamic simulation program to analyze the flight
characteristics, also for the Skyship-500. Azinheira et al. [10]
investigated how to incorporate the wind effects into the nonlinear
equations of motion of airships. Cook et al. [11] formulated the
linearized equations of motion for airship stability analysis. Such
analytical linear dynamics models with aerodynamic stability
derivatives usually neglect the nonlinear effects, but have the
advantage that they can be readily improved by updating the
aerodynamic derivatives obtained from wind-tunnel or flight tests.
On the other hand, in case such experimental tests are not possible, a
reasonable aerodynamic prediction approach can be very useful.
Another important limitation of the above airship dynamics models
is that relatively little detail is given on the aerodynamic force
estimation. Furthermore, most of these models have not been
validated by actual flight test results.

In this paper, a modeling approach is proposed to assemble the
nonlinear equations of motion for the simulation of airship dynamics,
with a particular focus on a comprehensive formulation of the
interaction forces between the airship and the air and on the model
validation. For this purpose, the derivation begins from the equations
of motion of a rigid-body vehicle moving in vacuum in Sec. II. Then
the relevant solid—fluid interaction forces, both aerostatics and
aerodynamics, are incorporated into the equations in Secs. Il and IV.
A linearization procedure is discussed in Sec. V to obtain the linear
equations of motion. In Sec. VI, the nonlinear dynamics model is
used to simulate the Skyship-500 airship and the linearized model is
applied to investigate its stability.

II. Equations of Motion for Airship in Vacuum

The modeling begins from the simplest case of a rigid-body airship
moving in vacuum. For convenience, the equations of motion for a 6-
DOF (degrees of freedom) vehicle are usually derived in a body
frame {oxyz} (shown in Fig. 1), which can be located at an arbitrary
position without loss of generality. For a body moving in vacuum,
these equations have been derived in standard textbooks [5,12] using
the Newton—Euler approach, and can be summarized in vector form
as

Tail Fins \

Gondola ~—-—7

Fig. 1 Body frame.

MV =1, +15+1¢ 1)
where V=[v!,w’]", and v = [u, v, w]" and @ = [p, g, r]" denote
the linear and angular velocity vectors expressed in the body frame,
respectively. M is the mass matrix of the body and can be written as

_ mI3><3 _mr;
M = [ mry J ] @

where m is the total mass, including the hull, gas, gondola, fins,
ballonets, etc. J is the inertia tensor, and r, is the position vector of
the center of gravity (CG) from the origin 0. Note that J and r, are
both expressed in the body frame. The superscript x denotes the
skew-symmetric matrix form of a vector (corresponding to a cross-
product operation).

The right-hand side of Eq. (1) consists of the external forces and
moments. The subscripts /, G, and C denote the terms from inertia,
gravity, and control, respectively. The inertial and gravity forces and
moments are calculated as

_ | —me*v + mo*r;e* | Fg
= [ —mriw*v—o*Jo :|’ t¢= [r;FG] 3)

where F; = mg[— sin 0, cos 0sin ¢, cos 6 cos ¢]7, in which g is the
acceleration of gravity and ¢, 6, and v are Euler angles. If the body
frame is located at the CG, r, = 0 and the terms related to r, will be
Zero.

The control force and moment . are due to the thruster, the
deflection of control surfaces, and the inflation or deflation of
ballonets, and are generated by the automatic control system or the
pilot’s commands. Some of these forces are generated aerodynami-
cally, such as the control surface deflection, and will be discussed in
Sec. IV.

III. Interaction Forces and Moments Between Airship
and Air: Aerostatics

We can now start to incorporate the interaction forces and
moments between the vehicle and the air, which include two
components: aerostatics and aerodynamics. The former is due to the
static air pressure and is independent of the motion of the body while
the latter is related to its motion.

If the position vector of the center of volume (CV) relative to the
origin o is r,, then the aerostatic force and moment expressed in the
body frame is

_| Fas
Tas = |:r1>;<FAS ] 4)
where Fyg = —pgVp[—sin 6, cos Osin ¢, cos O cos @7, in which Vj

is the volume of the body, while p is the air density. If the body frame
is established at the CV, r, = 0 and the aerostatic moment is zero. To
incorporate the aerostatics into the equations of motion, g is added
to the right-hand side of Eq. (1).

IV. Interaction Forces and Moments Between Airship
and Air: Aerodynamics

The aerodynamic forces are categorized into various terms based
on different physical effects. Estimation methods for each of these
terms are now investigated.

A. Added-Mass Force and Moment
1. Added-Mass Force and Moment Computation from the Added-Mass
Matrix

The added-mass force and moment can be considered as the
pressure-induced fluid-structure interaction terms based on the
potential flow assumption [12]. For a body completely submerged in
an unbounded fluid, the added-mass terms can be derived by an
energy approach in terms of Kirchhoff’s equations [12,13] or
alternatively by using Bernoulli’s equation to find the pressure
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distribution over the body [14]. Here we will not repeat the detailed
derivation but just review the results. That is, the symmetric added-
mass matrix is written as
M, My ]
M, = 5
. [M21 My, ©

where M;;, M,,, M,,, and M,, are 3 x 3 submatrices, whose
elements can be estimated using the methods discussed in
Sec. IV.A.2. The corresponding added-mass force and moment can
be obtained in vector form as

|:M11 Mlz} [ v }
Ty=— .
M, M, ||lo

0 (M v+ Mpe) ©)

v (M v+ Mpe) + 0 (My v+ Mpo)

Thus 7, includes two terms: one related to the time rates of change of
the linear and angular velocities, the other related to the coupling of
the linear and angular velocities. Note that for an airship in steady
translation, only the moment term —v*(M,;v) appears in Eq. (6),
which is known as the Munk moment [15], and tends to destabilize
the pitch or yaw motion. To incorporate the added-mass force and
moment into the dynamics model, the first term in Eq. (6) is written
on the left-hand side of Eq. (1) so that the mass matrix M is replaced
by M + M,, while the second term is added to the right-hand side of

Eq. (1).

2. Estimation of the Added-Mass Matrix

The total added-mass matrix of the airship includes the
contributions of both the hull and the fins, that is,

M, =Muy + My @)

In practice, a simple approach to obtain the added mass and moment
of inertia of the hull M . is to approximate the hull as an ellipsoid of
revolution. If the body frame is located at the CV, with the x axis
along the centerline and positively toward the nose and the z axis
positively downward, then all the off-diagonal terms in the added-
mass matrix of the hull are zero and the diagonal terms are

— / — — ’
myy = kym', My = Myzz = kym

®)
myas =0, Myss = Mpyee = K'I'
where m’ is the mass of air displaced by the hull and /” is the moment
of inertia of the displaced air. k;, k,, and k" are added-mass factors
[12] plotted in Fig. 2 as functions of the fineness ratio L /D, where L
is the length of the hull and D is its maximum diameter.

The added mass and moment of inertia of the fins can be computed
by integrating the 2-D added mass of the cross section over the fin
region. For example, for the cross section with cruciform fins shown
in Fig. 3, the 2-D transverse added mass in the y and z directions, and
the added moment of inertia about the x axis can be computed using
potential flow theory as discussed in [16]. The contribution of the fins
to these 2-D added-mass terms can be written as

£ 0.8
o . e
131 ,
< o6l
S 06 — K,
<
g 04 Sk,
T S—
T 02
<
0

2 4 6 8 10 12 14
Fineness ratio

Fig. 2 Added-mass factors.

Fig. 3 Fin cross section.

m$E = mSE = pr(b— R2/b),  mSE = 2kyupb'/n ()
where R is the body cross-sectional radius and b is the fin semispan.
The factor kyy is plotted in Fig. 4 as a function of R/b. The 2-D added
mass of cross sections with other fin arrangements can be also found
in [16].

The nonzero elements in the added-mass matrix of the fins Mg
are obtained by integrating Eq. (9) over the fin region, that is,

X
Mpyy = Mpy3 = " mSF dx
F22 = Mp33 =1y 22 X,

Xfs

Xfe
- SF
Mp3s = _Uf/ m,x dx
Xfg

xf

.
_ _ SF
Mpye = —Mp3s, Mpyy = nf/ my, dx
xp

s

Yo o
_ _ SF .2
Mpss = Mpge = nff m35 x° dx

Xy

10)

where x, and x , are the x coordinates of the start and end positions
of the fins. An efficiency factor 1, (shown in Fig. 5) is included to
account for 3-D effects; it is calculated from potential flow theory for
the added mass of a thin plate [17,18] and determined based on the
aspect ratio.

B. Viscous Effect on the Hull, Normal to the Centerline

Wind-tunnel tests on the aerodynamics of bodies of revolution at
angles of attack have shown that a prediction based on potential flow
assumption can cause considerable error because of the effects of
viscosity, especially at the rear of the body. Finck and Hopkins in

1.5

ks

0.5

0 0.2 0.4 0.6 0.8 1
R/b
Fig. 4 Body-fin factor ky,.

0 1 2 3
Aspect ratio

Fig. 5 Efficiency factor ;.
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[19,20] give a semi-experimental estimation approach for the
aerodynamics of bodies of revolution; in this approach, the force
normal to the centerline due to viscous effects can be computed as

L
Fny = —qosin2y - (k, — kl)/ (dS/de) de
€0

L
—|—q0nCDCsin2y-/ 2R de (11)

€0

where Cpc is the crossflow drag coefficient of an infinite-length
circular cylinder, 7 is an efficiency factor accounting for the finite
length of the body and determined from the fineness ratio of the body
(shown in Fig. 6), R and § are the local cross-sectional radius and
area, ¢ denotes the longitudinal position from the nose and &, the
location at which the flow ceases to be potential, is empirically
determined as [20]

g0 = 0.378L + 0.527¢,

where ¢; denotes the position at which dS/de has a maximum
negative value. The dynamic pressure g, and the angle between the
centerline and the velocity vector y (shown in Fig. 7) is computed
from the local velocity (uy, vy, wy) at the position &, that is,

y:tanf‘(‘/vé—l—w%,/uv) (12)

The first term in Eq. (11) effectively removes the inviscid flow
contribution downstream of &, while the second term replaces it with
a viscous flow contribution. Fyy can be further decomposed into

Foy = —Fyny - wy/ /vy + w}

Fyy = —Fyy - vy// V5 + wy, z
(13)

The corresponding moment about the origin of the body frame is
computed as

L
My = —qqsin2y - (k, — kl)/ dS/de(e,, — €)de

L
+ qonCpcsin®y - / 2R(s,, —€)de (14)

£

Fig. 7 Normal force decomposition.

where ¢, is the position of the origin of the body frame from the nose.
The pitching and yawing moments are obtained from My as

M,y =My - wy /vy + wy, My = =My -vy/ /vy + wy

5)

Equations (13) and (15) are applied to compute the normal forces due
to viscosity on the hull and the corresponding moments. These forces
and moments are then added to the right-hand side of Eq. (1).

C. Force Acting on the Fins, Normal to the Centerline

We now turn our attention to the force produced by the fins, normal
to the airship centerline. This is obtained by estimating the force
distribution and integrating this over the fin area. If we consider a
point P on the fin planform (shown in Fig. 8), with longitudinal
position x and spanwise position s, the normal force at an area
element is predicted as

dFNF = qOACpa(-xi S)ae(xv S) dxds (16)

where AC,, = dAC,/0da, and AC,, is the pressure coefficient of the
airfoil; AC,, is determined by the local chordwise position and can
be obtained from experiments or from CFD (computational fluid
dynamics) results of the pressure distribution of the airfoil. ¢, is the
effective angle of attack computed as

o, = CLa/Cloz : (l + RZ/SZ) i (17)

where C;,/C,, is a correction factor for 3-D effects and can be
obtained from finite wing theories, such as those in [21]. The factor
(1 4+ R?/5s%) accounts for the influence of the hull on the fins [22]. &
is the geometric angle of attack computed from the local velocity at
the center of the 1/4 chord. Figure 9 shows a fin located in the plane
inclined at an angle @ from the oxz plane. The velocity component
in the x direction at its center of the 1/4 chord is u and the transverse
velocity is decomposed into v,,, perpendicular to the fin surface, and
v,, parallel to the surface. Then the geometric angle of attack is
computed as

ap =tan™'(v,/ur) (18)

Exposed fin
area

Fig. 8 Fin planform.

Fig. 9 Normal force on a fin.
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If o is beyond the angle o,y at which the stall occurs, we use oy to
calculate the effective angle of attack in Eq. (17). The value of o
can be estimated by the methods in [19]. The total normal force on the
fin is obtained by integrating the force distribution, from Eq. (16),
over the exposed fin area, and then decomposed into Fyr and F_p,
that is,

F,p = Fxgcos @,

) Fp=—Fypsin®p 19)

where
Xre [b
Fae = ao(Ca/ Cutar [ [ AC, (901 + R /57 dsd
Xfs R

The corresponding rolling, pitching, and yawing moments on the fin
are

Xfe b
Mo ==a0(Cuaf Cutar [ [ s0C, 1+ R/7) dsa
Xfs R

MVF =40 sin q)[-‘(CLoz/Cla)aF

X e b
X / ! / xAC,4(x,5)(1 + R?/5?) ds dx,
Xfs R
M p = qocos @p(Cpo/Cri)ap

X e b
x/f / XAC 4 (x,5)(1 + R?/s?) ds dx
Xfg R
(20

Equations (19) and (20) can be applied to compute the normal forces
and corresponding moments on each fin, which are then added to the
right-hand side of Eq. (1).

D. Force Acting on the Hull Due to the Fins, Normal
to the Centerline

Based on the results from wind-tunnel tests on the aerodynamics
of airships, such as the Akron [23,24], it has been found that the
presence of the fins can lead to extra normal force on the hull, due to
the fin-induced downwash over the airflow near the hull. The extra
normal force per unit length on the hull can be obtained as [25]

dFNH(F)/dxznpRZded/dx 21

where V is the air speed, and w, is the local fin-induced downwash.
The variation of the downwash along the centerline can be computed
from the force distribution on the fins [26], as given by Eq. (16), and
we have

wd(x) = V(CLa/Cla)aF
Xre b
x / ! / [87d(d — x + xp)] ' AC g (xp 5) (1 + R2/5?) ds iy
Xy R

(22)

where d = /(x — xz)? + s%. Thus, Eq. (21) can be applied to
calculate the fin-induced normal force on the hull and the
corresponding pitching and yawing moments, which are then added
to the right-hand side of Eq. (1).

E. Axial Drag

The axial force is composed of two components, the contributions
from the hull and the fins, respectively. Atlow angles of attack, these
forces can be obtained as

Fup = —qoComoSucos’a, F.p = —qoCproSpcos’ap  (23)
where the angle of attack of the hull « is computed from the local
velocity at the CV, Cpyo and Cpg, are the zero-angle axial drag
coefficients of the hull and the fins, respectively, and Sy and Sy are
the corresponding reference areas. For example, these drag

0.8

0.75

0.7

0.65

0.55

0.45
0 10 20 30 40

& (deg)
Fig. 10 n, for plain flap.

0 1 2 3 4
Aspect ratio

Fig. 11 3-D effectiveness factor (7 = 0.5).

coefficients can be obtained in [21]. To incorporate the axial drag, the
forces from Eq. (23) are added to the right-hand side of Eq. (1).

F. Force and Moment Due to Control Surface Deflection

The force and moment due to the control surface deflections also
need to be estimated. An estimation method for the effects of flap
deflection on the aerodynamics of a 2-D airfoil section is given in
[21], and this is now extended to 3-D fins. That is, the lift coefficient
from the deflection of the control surface can be computed as

AC, = Crytngkspd 24)

where § is the deflection angle of the control surface. C;, is the 3-D
lift curve slope. The theoretical effectiveness factor 7 is derived from
potential flow theory as [21]

T=1—(0;—sinb;)/m (25)

where 6; = cos™!(2¢;/c — 1), in which ¢, and c are the flap chord
and airfoil chord, respectively. 1, is a correction factor based on
experiments and given as a function of the plain flap deflection,
shown in Fig. 10. k;_p is an efficiency factor accounting for 3-D
effects, which is a function of t and the aspect ratio [19]; for example,
Fig. 11 shows ks_p for the case where 7 = 0.5.

The increment in the drag coefficient ACp, due to the flap
deflection, is given approximately for plain flaps as [21]

ACp = 1.7(c;/c) (S, /Sga)sin8 (26)

where S, and Sg, are the flap and fin area, respectively. The influence
of flap deflection on the pitching moment coefficient can be
estimated from thin airfoil theory, that is, the ratio of AC; 4 to AC,,
is written as [21]

ACyyys  2sinf; —sin 20,
AC, — 8(m— 0 + sin 6y)

@7

where AC,y, 4 is the pitch moment coefficient about the 1/4 chord.

The forces and moments due to the rudder and elevator deflections
can be estimated using Egs. (24), (26), and (27), and then added to the
right-hand side of Eq. (1).
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Fig. 12 Profiles of the airships in simulation examples.

V. Linearized Model

A linear dynamics model is now formulated to allow a quantitative
assessment of the flight stability and the response to control inputs of
the airship. The nonlinear dynamics model developed in Secs. II, 111,
and IV can be written as a set of first-order ordinary differential
equations as

X = F(X,U) (28)

where X is the state vector defined as X = [u, w, ¢, 0, v, p, r, ¢|".
The first four states describe the longitudinal motion and the last four
describe the lateral motion. U is the control input vector, such as the
elevator and rudder deflections. Equation (28) represents eight
nonlinear equations, or F =[f}, f5...., fs]’. The time rates of
change of the linear and angular velocities contained in X are
obtained from Eq. (1), with the aerostatics and aerodynamics models
incorporated. In addition, ¢ and 6 can be computed as follows [5]:

6= g cos¢ — rsing
(29)

é=p+gsingtanf + rcos¢gtan b,

To derive the linear dynamics model, the first step is to introduce a
reference equilibrium state X,, about which the system will be
linearized, and the corresponding control U,. If the airship is in
steady level flight at equilibrium, then X, = [u,, 0,0, 0,0, 0,0, 0]7,
where u, is an equilibrium speed. The second step is to write the
equations for the small disturbance from equilibrium as

AX=F(X,+AX, U, + AUy~ A-AX +B-AU  (30)

where A = 0F/0X is the state matrix, or the Jacobian of F with
respect to X, with a similar definition of the control input matrix
B = 0F/0JU. A and B can be numerically evaluated at X, and U, by
a finite difference of the nonlinear differential equations. This
method has been previously applied to investigate the stability of a
tethered aerostat [27].

Once the matrix A is obtained, the airship’s stability is
characterized by the eigenvalues and eigenvectors of A. The
eigenvalues can be either as distinct real numbers, representing
nonoscillatory modes, or as complex conjugates as A, = 0 % joy,
representing oscillatory modes. For an oscillatory mode, the natural
frequency and damping ratio can be evaluated from ¢ and w,. For a
stable airship, the real parts of all the eigenvalues must be negative.
The eigenvector represents the relationship of the elements of the
state variables in the corresponding mode. Each element of an
eigenvector denotes the magnitude and phase of the response of a
particular state variable relative to other states.

VI. Numerical Simulation

The numerical simulation results presented in this section include
three parts. First, the added-mass terms and steady-state
aerodynamic force estimates are shown and compared to CFD
calculation or wind-tunnel test results. Next, the nonlinear dynamics

simulation results for the Skyship-500 airship are shown and the
responses due to control surface deflection are analyzed. Third, the
linear dynamics model of the Skyship-500 airship is analyzed to
evaluate the flight stability and the control responses in the frequency
domain.

A. Validation of the Aerodynamics Model
1. Added Mass and Moment of Inertia of the Lotte Airship

CFD packages have been developed to compute the aerodynamics
of 3-D bodies in potential flow and these have been applied to the
added-mass calculation for airships. For example, in [28], a CFD
package was applied to compute the added mass and moment of
inertia of the Lotte airship, shown in Fig. 12a. This CFD method uses
a distribution of source density on the body surface and solves the
distribution necessary to meet the boundary conditions. We now use
these results to evaluate the estimation method given in Sec. IV.A.2.
The CFD results for the added mass and moment of inertia are listed
in Table 1 and compared to our estimation results. We can see that the
estimation method presented here leads to a reasonable
approximation for the added mass of the bare hull and the hull-fin
combination. As well, we note that the fins have a considerable effect
on the added moment of inertia.

2. Steady-State Aerodynamics of the Akron Airship Model

A great deal of experimental wind-tunnel results on the steady-
state aerodynamics can be found in the literature for older rigid
airships. In this paper, the experimental results for the Akron airship
model [23] (shown in Fig. 12b) are used to test our aerodynamics
computation. The measured normal force and pitching moment
(about the CV) coefficients at low angles of attack are compared to
our estimation results in Figs. 13a and 13b, for both bare hull and
hull-fin combinations. We can see that the estimates from Sec. IV
can match the experimental results.

B. Nonlinear Dynamic Simulation for the Skyship-500 Airship

A dynamic simulation program has been developed in the
MATLAB environment to implement the nonlinear dynamics model
discussed in Secs. II, III, and IV. In the numerical simulation, the
Skyship-500 airship, shown in Fig. 12c, is used as an example,
because the dimensional and inertial parameters and flight test data
are available for this airship [7,29]. This subsection presents the
simulation results for the responses due to elevator or rudder
deflection and compares them to flight test results.

Table 1 Added-mass result

Bare hull Hull-fin combination
Added-mass terms CFD [28] Prediction CFD [28] Prediction
my;, kg 13 11 12.7 11
my, kg 112 114 129 125
mss, kg x m? 759 793 1379 1279
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Fig. 13 Steady-state aerodynamics results of the Akron model.
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Fig. 14 Elevator input and response results at 25 kt.
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Fig. 15 Rudder input and response results at 25 kt.

The dimensions, mass, and moment of inertia used in the
simulation are obtained from [7,29]. The body frame is located at the
CV of the hull. To predict the responses from the dynamic simulation
program, some control force and moment are first applied in the
simulation so that the airship begins its flight in a trim condition at a
constant airspeed of 25 kt.

1. Responses due to Elevator Deflection

In this example, the elevator deflection input § (positive trailing
edge downward), shown in Fig. 14a, is obtained from the flight testin
[7]. The resulting time histories of the pitch rate from the simulation
and the flight test [7] are shown in Fig. 14b, where we find that the
simulated response is very close to the flight test data.

2. Responses due to Rudder Deflection

In this example, the steplike rudder input § (positive trailing edge
left) is plotted in Fig. 15a, and the response results of the yaw rate are
compared to the flight test data [7] in Fig. 15b. A proportional
controller is applied to the thrust input so that the airship maintains a
constant airspeed. We can see that the predicted steady-state yaw rate
is higher than the test data by about 20%, but generally speaking, the
dynamic simulation program provides a reasonable match to the
major trends in the flight test.

3. Yaw Rate in Steady Turn

A steady rudder deflection leads to a steady turn flight for the
airship. In this example, the yaw rates in steady turns are computed
for various rudder deflection angles (from —30 to 30 deg) at 25 kt.

The simulated results are plotted and compared to the flight test
results [29] in Fig. 16. We can see that the turning rate is a nonlinear
function of the rudder deflection and this function is reasonably
estimated by the dynamics simulation program.

C. Linearized Model and Stability Analysis for the Skyship-500
Airship
1. Control Responses in the Frequency Domain

The nonlinear dynamics model is linearized for the Skyship-500
airship using the approach in Sec. V. Itis found that the state matrix A
can be partitioned into four distinct submatrices as

A = |:[Along]4><4 [0]4><4 ]

Oy [Audi 1)

Yaw rate (deg/s)
o

|
s

— simulation results
o) O flight test results

15 0 5
Rudder deflection (deg)
Fig. 16 Yaw rate in steady turn (at 25 kt).
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Fig. 17 Control response in the frequency domain at 25 kt.

where all elements in the lower left submatrix are zero, while some in
the upper right submatrix are not exactly zero but of much smaller
magnitude than the elements in [A,y,,] and [A,,]. Therefore the
longitudinal and lateral motions are essentially decoupled.

Once the matrices A and B are obtained, the control responses in
the frequency domain can be computed. The responses due to
elevator and rudder inputs are displayed in Bode plots in Figs. 17 and
18 for forward speeds u, of 25 and 40 kt, respectively. The responses
predicted herein are compared to the flight test results and the model
prediction of Jex [7]. The linear model presented herein provides a
good match to the major trends in the flight test and provides more
accurate predictions than Jex’s model results for the yaw rate phase
angle response at low frequencies.

2. Stability and Natural Modes

The eigenvalues and eigenvectors of [Ay,,] and [A,] for the
Skyship-500 airship are investigated as they change with the
variations in the equilibrium speed from 0 to 30 m/s.

The first two longitudinal modes have negative real eigenvalues,
whose magnitude increases with speed (i.e., they become more
stable) as shown in Fig. 19a. The eigenvalues of the third
longitudinal mode are a complex conjugate pair and the
corresponding natural frequency and damping ratio are plotted in
Fig. 19b. The eigenvectors are then studied to obtain the relative
values (magnitude and phase) between the different state variables
of each mode, using the following steps. First, nondimensionalize
each component of the eigenvector, that is, each linear velocity

- q/5_(db)

Fy
z 0 1
@ . )
» -+« predicted by Jex e
8 100} | — predicted herein **% b
o * flight test

_200 -2 ‘—1 ! 0 1

10 10 10 10

Frequency (rad/s)

a) Pitch rate response due to elevator input

component (Au, Av, Aw) is divided by the equilibrium speed u,,
each angular velocity component (Ap,Ag, Ar) is divided by
u,/(Vy)'3, and the rotation components A@ and A¢ are not
modified. Second, select a reference state variable and factor the
eigenvector to make this state equal to unity. Third, plot all the real
and imaginary parts of each component in an Argand diagram. For
eigenvalues with complex conjugates A;, =0 £ jw,, only the
eigenvector corresponding to o + jw, is plotted. For example, the
vector diagrams of the longitudinal modes at 40 kt are shown in
Fig. 20.

The motion characteristics of each longitudinal mode at different
speeds have similar trends to the mode results of another airship in
[11] and can be described as follows:

1) The first longitudinal mode is a surge subsidence mode
caused by the axial aerodynamic drag and can be considered as a
1-DOF motion in forward velocity Au. The modes are neutrally
stable at zero speed and become more stable as the speed
increases.

2) The second longitudinal mode is a heave—pitch subsidence
mode caused by the transverse aerodynamic drag. The dominant
motion is Aw near zero speed, coupling with some A6, Ag, and Au
as the speed increases to about 12 m/s. The pitch rate generates an
additional aerodynamic damping moment, thus further stabilizing
this mode.

3) The third longitudinal mode is a pitch—incidence oscillation
mode. Near zero speed, the dominant motion is the pitch rate Agq,
combined with some Au. As the speed increases to about 14 m/s,
Aw becomes apparent and the incidence causes a Munk moment,

o ¥
A s
W& 7200 predicted by Jex
= —— predicted herein
-40r | * flight test 1
107 107 10° 10’

107 107" 10° 10
Frequency (rad/s)

b) Yaw rate response due to rudder input

Fig. 18 Control response in the frequency domain at 40 kt.
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which tends to destabilize the system, thereby leading to a decrease in shows that the aerodynamic damping becomes increasingly

the damping ratio at speeds from 14 m/s to 30 m/s.

The lateral stability modes can be studied using a similar approach.
The first two lateral modes have negative real eigenvalues as shown
in Fig. 21a. The eigenvalues of the third lateral mode are a complex
conjugate pair and the corresponding natural frequency and damping
ratio are plotted in Fig. 21b. The motion characteristics of each lateral
mode can be described as follows:

1) The first lateral mode is a sideslip-yaw subsidence mode. Near
zero speed, the most apparent motion is Av, coupling with some yaw
rate Ar. As the speed increases, the roll rotation A¢ becomes
apparent because of the centrifugal force.

2) The second lateral mode is a yaw-roll subsidence mode. The
yaw rate Ar couples with Av at near-zero speed. This mode becomes
slightly less stable as the speed increases from 25 m/s to 30 m/s.
This is likely due to the unstable effect of the Munk moment, as in the
longitudinal mode analysis.

3) The third lateral mode is a roll oscillation mode, coupling with
some Av, and with some Ar at high speed. The damping ratio curve

significant as the speed increases.

VII. Conclusions

A modeling procedure for the nonlinear dynamics simulation of
airships is presented. Estimation methods are provided for various
aerodynamic effects, and then verified by comparing to CFD or
wind-tunnel experimental results. A simulation program is
developed from the dynamics model, which can reasonably predict
the transient response and flight behavior for the Skyship-500
airship, based on a comparison to flight test data.

The linear equations of motion can be obtained from the nonlinear
dynamics model using a finite difference approach. The resulting
linear model for the Skyship-500 decouples into longitudinal and
lateral subsets. The control responses in the frequency domain due to
control surface deflections are a good match to the flight test results.
The stability of the airship is then analyzed at various speeds. At zero
speed, all modes of motion are neutrally stable. The stability
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improves with increasing speed for all modes with the exception of
the third longitudinal mode and the second lateral mode. The stability
of these two modes increases with increasing speed until a certain
point after which the stability decreases slightly.

With the trust gained from validation, the dynamics model and
simulation program can be used to evaluate the flight and control
performance of other airships.
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