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With the growing demand of low-cost transportation service, Hybrid airship plays a
significant role for providing this service as a cargo nowadays. This paper deals with
the controller design for winged hybrid airship with suspended payload for maintaining
stability and controllability of the system. Controller design is required for the system
to achieve desired tracking performance and collision avoidance for closed loop
analysis. Internal Model Control (IMC) compensator is also designed to make few
subsystems represented as velocity transfer function stable. The system is a small sized
winged hybrid airship with attached suspended payload and having controlling
maneuvers like elevator. The system taken is discussed as an approach of single body
longitudinal dynamics. A Proportional-Integral-Derivative (PID) controller has been
designed for pitch control of hybrid airship including collision avoidance in the pitch
up and pith down path. A Hardware-In-the-Loop (HIL) solution also provided for the
designed PID controller on UNO kit. Open loop and closed loop stability analysis is
done for the longitudinal dynamics of winged small sized hybrid airship. Internal model
compensator is required to make overall system as a stable system. A Simulink model
for longitudinal dynamics of the hybrid airship with controllers and compensators is
developed and result is analyzed and verified with open literature. Overshoot of u is the
problem, although it settles to zero trim values within 30 sec. Except that all other
parameters of longitudinal dynamics settle to equilibrium points within few seconds.

Altair Embed software is used for HIL development.

1. INTRODUCTION

The components of a traditional airship are a propulsion
system, a gondola carrying payloads, a teardrop-shaped hull
filled with lifting gas, and tail fins for stability and control. As
lifting gases, helium and hydrogen are frequently utilized.
Because they travel at a slow speed—roughly 20 m/s
airships are wind-sensitive. Throughout flight, the airship's
weight and trim settings must be continuously adjusted to
preserve stability. Due to its promising features, which include
the capacity to hover, prolonged durability, low power
consumption and heavy lifting, curiosity in hybrid airship
design has been evolving. The characteristics of both heavier-
than-air and lighter-than-air vehicles are combined in a hybrid
airship. In addition to the propulsion system, buoyancy and
aerodynamics also provide lift [1, 2].

Thanks to its static lift and the contribution of the wings to
the stability and control of the aircraft, the hybrid-wing airship
can be maintained for longer. The fuselage's integrated wings
also allow the aircraft to descend safely, the aircraft can
control the operation of the wing if there is a malfunction such
as loss of helium in flight, and when the engine is not running
the airship can glide while still having some tilt
maneuverability control. If the hybrid wing airship is well
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designed, it can meet the requirements of a low-cost cargo
vehicle with durability and good maneuverability, enabling it
to move or travel in long space. The longitudinal dynamics of
the mixed-wing lift airship are important to the safety and
stability of the aircraft. Another important consideration in the
design of the hybrid airship longitudinal dynamic controller is
the control of the wings and elevators. Wings and elevators are
important for controlling the pitch and speed of an airplane.
Some researchers have suggested different management
strategies to solve this problem.

Researchers have developed control strategies for hybrid
airships to maintain pitch angle and speed while reducing wind
gusts. Different control methods have been proposed,
including feedback linearization [3], vision-based and station-
keeping PID controllers [4]. The AURORA project focuses on
developing detection, control, and navigation technologies for
autonomous or semi-autonomous airships discussed by de
Paiva et al. [5]. Another approach [6] uses a PID controller
with gain developed using the H2/He> method. A dynamic
inversion control law is also designed for path-tracking
capability [7]. A hybrid aircraft payload system [8] is
implemented with NDI using a 9 DOF nonlinear dynamic
model. The design of two MIMO sliding mode controllers is
presented by de Paiva et al. [9]. In relation to a particular
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reference trajectory, a trajectory tracking approach reduces
angle and distance tracking errors. Kumar and Prakash [10]
demonstrated how a predictive model of aircraft lateral
dynamics is created using system detection. This article also
discusses the creation of a state space model for a nonlinear
problem. An autonomous airship's stabilisation and trajectory
tracking issues are looked at in Zhang et al. [11]. The dynamics
of the error systems are generated through the definition of
new configuration and velocity errors. State feedback control
rules are developed using the Lyapunov stability approach,
and Matrosov's theorem is used to show that closed-loop fault
systems are uniformly asymptotically stable. Repoulias and
Papadopoulos [12] demonstrated a new closed-loop trajectory
tracking controller that, using just three controllers, stabilise
the position, orientation, linear, and angular velocity sets for a
3D flying robotic airship in a limited range near zero. Due to
the sequential nature of vehicle dynamics, backstepping is
employed. Additionally, it offers design adaptability and
resistance to external shocks and parametric uncertainty. In
Kulczycki et al. [13], the autonomous waypoint navigation of
airships is examined using both a sequential loop closure
controller (SLC) with classical inspiration and a hybrid
classical/linear-quadratic regulator (LQR) controller. The
LQR controller typically takes less time and fewer inputs in
common navigation profiles and existing controller models.
Atmeh and Subbarao [14] hypothesised that an AS500 aircraft
can be flown through numerous waypoints in crosswind and
time-varying wind circumstances by a straightforward LQ
controller that receives navigation commands based on a
relative navigation guidance law or a track-specific navigation
guidance law. When just measurements from GPS and IMU
sensors are available, a timed extended Kalman filter with a
set of precomputed Jacobians performs reasonably well and
offers reasonable estimates of states, measurement bias, and
prevailing wind. It was discovered that using information
about anticipated wind speeds can enhance the control
instructions provided to the LQ controller, improving
performance. When the airship couldn't land in Takaya et al.
[15], a retry mode was added, and a loading landing function
was developed. Wu [16] discussed a novel idea for an airship
without thrust, rudder, or elevator. It is propelled by an interior
air bubble with a variable mass and a moving mass. The input-
output linearization, maximum feedback linearization, and
internal stability of the LQR approach are used to analyse and
control the dynamics of the longitudinal plane. Instead of the
scaled configurations utilised in the wind tunnel test setup, a
genuine geometric configuration is employed to simulate the
results in Ashraf and Choudhry [17]. Using the bifurcation
method, Kumar and Prakash [18] provided a 3DOF and 4DOF
longitudinal hybrid airship model with longitudinal trim
stability evaluation. For a variety of elevator deviation
instances, trim analysis and simulation of a 3DOF hybrid
airship model are conducted. The real flight controller for the
hybrid airship with a suspended payload is designed using the
collected results. Kumar and Prakash [19] developed a 3-DOF
nonlinear longitudinal dynamic model for hybrid airships. For
a hybrid airship with a suspended payload, a 4 DOF nonlinear
longitudinal dynamic model is created. The simulation shows
that the model almost behaves like a single-body 3 DOF
longitudinal model. The fin deflection control motions that are
unique to the hybrid model with three degrees of freedom
(3DOF) are included, and in the four degree of freedom
(4DOF), a new finding is the ability to regulate how the airship
climbs by varying the angle of the rigging. However, this
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hybrid airship design is distinct. Its modelling and stability
study were done in Ghaffar [20] using a process that is
common for conventional aircraft and aeroplanes. The
outcome demonstrates the winged hybrid airship's dynamic
instability in lateral slow motion and longitudinal angular
motion. This is a result of the close connection between the
aerodynamic lift of the wing and the aerostatic lift of the
buoyant gas. The findings of aerodynamic analyses on an early
concept for a hybrid airship with wings are shown in Andan et
al. [21]. Using a commercial CFD solvent and wind tunnel
testing, the proposed model was effectively simulated. Data
from wind tunnel tests and CFD simulation are compatible.
Discuss the airship's equation of motion and the design of its
tail fin in Cook [22]. Sinha and Ananthkrishnan [23] made
contributions to the advancement of longitudinal dynamics
control and airship dynamics. This book is an airship reference
[24], and it discusses development of the linear longitudinal
model for airships stability in heaviness condition. In Prakash
[25], it is examined how the lateral inclination (rigging) of the
hybrid airship suspension lines affects lateral and
unidirectional flight dynamics.

In order to examine the flying behaviour of airships, such as
in Cook et al. [26], and to build controls, as was done for a
large airship [27], linear dynamic models have been employed
extensively. An LTA vehicle's CG is below the CV, which
causes the aircraft to have fluctuating pitch and roll angles. a
motion resembling a pendulum. Analytical linear models [26,
28, 29] or numerical models created from finite difference
nonlinear equations [30] have both been used to analyse
airship stability. By analysing the eigenvalues and
eigenvectors of the state matrices of the linear models, these
stability investigations are carried out. According to the
stability analysis results [26, 28-30], each mode of motion for
conventional airships has identical motion characteristics. The
surge subsidence damping mode, or a 1-DOF surge motion u,
is the initial mode in the longitudinal plane and is brought on
by the aerodynamic axial drag. The heave-pitch subsidence
mode, which is brought on by typical aerodynamic drag, is the
second longitudinal mode. As the velocity increases, the
predominate motion is zero motion with near-zero velocity,
some pitch angle y, and some pitch g. The airship's CG is
located below the CV, which results in a pitch oscillatory
mode, which is the origin of the third longitudinal pattern.
Pitch rate q is the primary motion at almost zero velocity; as
velocity rises, w becomes apparent.

Only two states can become unstable, according to the
findings of the stability analysis [26, 28-30]. The characteristic
values for the steady motion speeds u0 of 3,4,8 and 12m/s
reveal that the Lotte airship's pitch incidence oscillation mode
and sideslip yaw subsidence mode become unstable as the
speed increases. This is so that the unstable Munk moment,
which dominates the stabilizing moment generated by the fins
[29], can be understood. Due to increased aerodynamic
damping, all other modes stabilize as speed rises. The
objective of the paper is to make the hybrid airship
autonomous. In line with this approach a PID controller is
designed for pitch control and for collision avoidance in pitch
up and pitch down motion. For the same designed controller,
HIL solution is also provided, and the controller is fabricated
on UNO hardware kit interfaced with servo motor for
hardware replica demonstration. Open loop and closed loop
system stability analysis is also performed. IMC compensator
is designed to make the system stable for velocity transfer
functions. Longitudinal dynamic mode is also taken care.
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Figure 1. Methodology flow chart

Only two states can become unstable, according to the
findings of the stability analysis [26, 28-30]. The characteristic
values for the steady motion speeds u0 of 3,4,8 and 12m/s
reveal that the Lotte airship's pitch incidence oscillation mode
and sideslip yaw subsidence mode become unstable as the
speed increases. This is so that the unstable Munk moment,
which dominates the stabilizing moment generated by the fins
[29], can be understood. Due to increased aerodynamic
damping, all other modes stabilize as speed rises.

The objective of the paper is to make the hybrid airship
autonomous. In line with this approach a PID controller is
designed for pitch control and for collision avoidance in pitch
up and pitch down motion. For the same designed controller,
HIL solution is also provided, and the controller is fabricated
on UNO hardware kit interfaced with servo motor for
hardware replica demonstration. Open loop and closed loop
system stability analysis is also performed. IMC compensator
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is designed to make the system stable for velocity transfer
functions. Longitudinal dynamic mode is also taken care.

Methodology is shown in Figure 1.

The organisation of the paper is as follows: Section 1 starts
with introduction to hybrid airship, it’s applications and
literature survey of various control strategies adopted. Section
2 developed mathematical model for the hybrid airship in
longitudinal dynamics in state space form and transfer
function form primarily with elevator deflection as input for
pitch control. Section 3 discuss about the open loop stability
analysis of hybrid airship. Section 4 deals with closed loop
stability analysis of hybrid airship including PID controller
design for pitch control, IMC compensator design for making
a system stable and HIL development on UNO hardware kit
for pitch control with the help of servo motor as a hardware
prototype replica for PID pitch controller. Result is simulated
and analysed on SIMULINK. Collision avoidance is also taken
care in this section. The work is concluded in section 5.

2. MATHEMATICAL MODEL OF HYBRID AIRSHIP

Mathematical modelling talks about the aerodynamics of
airships and how factors like the interaction between the body
and fins [31], separation between fins, and presence of fins
affects lift. It mentions some studies that analyzed models like
the R-101 and Akron and found fins separated by the hull
produced around 30-40% more lift than directly connected fins.
The drag on the hull is reported to be between 50-75% [31]
while drag on tail fins is between 7-27% [1]. It also describes
a hybrid airship model combining features of winged aircraft
and airships, with a symmetric cross-shaped horizontal and
vertical tail configuration at the rear end of the hull. The
aerodynamic calculations consider forces from the hull as well.
Figure 2 is a geometric top view of a hybrid winged airship.
Figure 3 shows the control input as elevator deflection of
horizontal tail of airship. Figure 4 is indicating the finite tail
geometry used in the airship. It is common to define the hull

2

1
reference area as /3, and reference chord as V'3, where volume
of the hull V = gn (a, + a,)b>.
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Figure 2. Top view of winged hybrid airship [20]
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Figure 3. Elevator control on airship [1]
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Figure 4. Finite tail geometry of airship [20]

Table 1. Airship geometry [20]

Mass of a Hull, mh 10 kg
Overall Airship length, | 3.75m

Maximum Airship Diameter, D 1.6 m
Hull Volume, V 5.6md
Reference Areaof a Hull, Sk~ 3.16 m?
Reference length of a Hull, ¢ 1.78 m

Ellipsoid shaped semi-minor axis, b 0.8 m

ai 1.55m
a:z 2.75m
Airship Wingspan, bw 3.06m
Airship Wing area, Sw 1.72 m?
Airship tail span, bt 3.06 m
Airship tail area, St 0.916 m?
Reck 0.8m
Wing MAC ¢ (m) 0.47
Tail MAC ¢ (m) 0.51

Table 1 shows the geometry data used in modelling and
simulation of the hybrid airship. For developing the
mathematical model, it is assumed to be a flat earth approach,
the aircraft is a rigid body, the mass and volume of the hybrid
airship are constant, the volume averaged, and the average lift
force assumed. coincident and air is assumed to be stationary.
In addition to adding mass and inertia effects and lift, the
equation of motion for the airship was developed using
Newton's and Euler's equations. Longitudinal non-linear
dynamic model of hybrid airship is developed by Kumar and
Prakash [18, 19]. The linearization is done with small
perturbation theory [22-24]. The linearized longitudinal
dynamic equation [18] of the hybrid airship is as follows:

Force equations:

Axial force:

m, U + (ma, — X;)q
=X, + Xy u+ X, -wtXs, - 6,

+ (Xq - mZWI) - q (1)
— (mg — B) (sin6; + 6cosb,)
+T
Normal force:
m,W — (ma, +Z,;)q
=Z1+Z,-u+Zz, w+t+Zs, -6, @)

+ (Zq + me1) -q
+ (mg — B) (cos6, + 0sinb,)

Moment equations:
Pitching moment:
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Jyq + (ma, + MU — (ma, + M)W
=My +M,-u+M, w+Ms, -6,
+(Mq —ma,U; —ma,W;)-q

3
—6( (mga, + Bb,) cos 6, — (mga, + Bb,) sin(6,)) ®)
— (mga, + Bb,) sin 6,
— (mga, + Bby,)cos 0, +Td,
Kinematic equation:
6=q 4)

2.1 State space representation of linearized longitudinal
dynamic equations for hybrid airship

Eqgs. (1) to (4) are expressed in state space form as:

mx = ax + bu (5)

where, the state variables expressed as:
x"=[uwqb] (6)
u" =[5, T] (7

The state variable in Eq. (6), u is forward velocity along x
body axis of airship, w is the velocity in z body axis of airship,
q is pitching moment along y body axis of airship and & is the
pitching angle. Eq. (7) is the input variable vectors having J.
as elevator deflection and 7 is thrust, where,

|r my 0 (max - Xq) O-I
0 m _ o
=| z (may, +2;) 0|
M= (ma, + My) —(ma, + M,,) ]’; v,
0 0 0 1
Xu XW (Xq - szl) _(mg - g)C(—)SGl
Zy Z (Zg + myeUy) —(mg — B)sin,
“= MM (M, — ma, U, —ma W)—[(mgaz + Bb,) cos 6,
0o 0 ] 7Y —(mgay+Bby)sin6]
0
[Xs, + CLse sina — CDSE cosa] ¢
b= [Zs, — CDse sina — CLse cosa] 0 .
[M5e + Cmse] dz
0 0
The general form of the state equation represented in Eq. (8)
as:

x = Ax + Bu ®)

where, system matrix A=m'a, Input matrix B= m'b.

2.2 Aerodynamic model of longitudinal dynamic equations
for hybrid airship

The equation for aerodynamic forces and moments are
provided below [1, 25]. Let dgzyz and dgryr be the deflections
of the left and right trailing edge flaps of the elevator.

X = %pVoz[CX1 cos? a cos? B + Cy, sin 2a sin (%)]

)



1, ay . .
Z= EpV0 [CZ1 cos (E) sin2a + Cz, sin(2a)

+ Cz, sin(a) sin(|a|) (10)
+ Cz,(BgLyve + 6ELVR)]
1, ay . .
M= EpV0 [CM1 cos (E) sin2a + Cy, sin(2a)
+ Cy, sin(a) sin(|e|) (11)
+ Cu, Sy + 5ELVR)]
qc
CL={CL0+CLa'a+CLq'2—Vl+CL5e'6e} (12)
qc
CDz{CD0+CD 'a+CDq'_+CD5 66} (13)
@ 2V1 €
qc
sz{cm +Cn, @+ Cp -5t Cog ~8e} (14)
0 @ q 2V1 €

The expression for the stability derivatives is given in the
Table 2. The acrodynamic coefficients (such as, Cp,, :Cm,, and

cmse) are obtained as shown in Table 3, either from wind

tunnel test, numerical solutions, or semi-empirical approach
[21].

Table 2. Longitudinal stability derivatives [1, 21]

X, = Xm®S x = =(C = C)aS
u U1 w U1
_ 726,98 7 = —(Cuy + Co)a:S
* Uy _ W U,
Mo Cn,015C G, 1SC
u - U1 w = U—
~ —Cp,0:5¢ v ~Cps, &1SC
T U, %™ 2U,
—C1,q15¢ Cls,015€C
Zy=—2 Zs =
a 20, e 20,
- Cin,015¢° v = Cmg, 01 SE°
72U, S~ U,

Table 3. Aerodynamic coefficient data [17, 20, 21, 32]

Estimated Values

Aerodynamic Approximate

. . for Hybrid
Coefficient Equations Airship
2€,,C. K, where
Cp, K=—— is induced drag 0.0011
meAR
factor.
Cy, CFD 0.0462
Cn, CFD -0.0066
CDq _ZnhtCDahcht negligible
-0.0104
¢ —ZnhtClLaShcht, where CLaht = 0.0048
a Wt = ?'_‘%, Mhe = 1 -ve for canard
configuration
Lne
Cmq _ZnhtCLahcht e -0.0359
S C not available.
C — 2ht Dapg
Ds, nhtCDahthZ S 0.120
—n,..C v, (%
CLse MhtCLgy, Yht S 1.24
Cn, TneCrape Ve where 6.8

{=0.62
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3. OPEN LOOP STABILITY ANALYSIS OF HYBRID
AIRSHIP

With the help of semi-empirical method, the mathematical
model is developed on MATLAB and the state matrix A and
the input matrix B is computed for the winged hybrid airship
is computed for longitudinal dynamics as below:

—0.3339 03763 0.0633 —4.8697
A |-12535 —05901 341954 0
—0.1094 0.0809 —0.0286 1.1979
0 0 1 0
—0.0032 0.1113
p—|00056 0
—0.0022  0.0027
0 0

To design a controller for a system represented in state
space form, the Kalman controllability test is checked. If the
system matrix A is of order nxn, Then, we create the
controllability matrix (Qc):

Qc=[B : AB : A%B: A*B]

The calculated value of Qc for the system is:

Qc =
—0.0032 0.1113 0.0030 —0.0370 —0.0183 —0.0193 0.0276 —0.0634
0.0056 0 —00745 —00472 00698 —0.3448-0.3267 0.3581
—0.0022 0.0027 0.0009 —0.0123 —0.0090 0.0038 0.0089 0.3581
0 0 —0.0022 00027 0.0009 -0.0123-0.0090 0.0038
Table 4. Hybrid airship system transfer function and
designed controller transfer function for longitudinal
dynamics
o/p T ;
ip ransfer Function (O/p vs d.)
G114 —0.0032 (s—0.6215) (s"2 + 0.6252s + 1.938)
3. (5+2.294) (5—1.695) (52 + 0.3534s + 0.4139)
G122 ® 0.0056 (5—12.66) (52 + 0.3009s + 0.331)
5. (5+2.294) (s—1.695) (s"2 + 0.3534s + 0.4139)
G131 -0.0022 5 ("2 + 0.55895 + 0.4634)
3. (5+2.294) (5—1.695) (52 + 0.3534s + 0.4139)
G14=2© ~0.0022 (s"2 + 0.55895 + 0.4634)
5, (5+2.294) (s—1.695) (s"2 + 0.3534s + 0.4139)
o .
7/: Transfer Function (O/p vs T)
G2 1= 4 0.1113 (5+2.179) (s—1.761) (s+0.2024)
T (5+2.294) (s—1.695) (s"2 + 0.3534s + 0.4139)
G22= w(s) —0.047187 (s+8.707) (s—0.4469)
T (5+2.294) (5—1.695) (52 + 0.3534s + 0.4139)
G23_q(s) 0.0027 s (s—4.857) (s+1.271)
T (5+2.294) (5—1.695) (52 + 0.3534s + 0.4139)
Go4— a(s) 0.0027 (s—4.857) (s+1.271)
T (542.294) (s—1.695) (s"2 + 0.3534s + 0.4139)

The rank of Qc (controllability matrix) is 4 i.e., equal to the
rank of system matrix A, so the system is controllable in the
nature. Open loop Transfer function is obtained on MATLAB
platform from the state space longitudinal model of the hybrid
airship system with the help of Laplace transform technique
and shown in the Table 3. The Controller transfer function is
also mentioned in the Table 4.

Eigenvalues of the hybrid airship system is obtained from
its characteristic equation |S/-4|=0 or the denominator of any
transfer function equal to zero. Where [ is 4>4 identity matrix.
The obtained eigen values for the hybrid airship are two real -
2.2940 and 1.6948 and one complex pair of roots -
0.1767+0.61861 and -0.1767-0.6186i. In summary, the hybrid
airship’s longitudinal motion characteristic roots consist of a



stable first order root, an unstable first order root and a pair of Open loop step response of the MIMO state space model (A,

stable oscillatory roots. Our study is based on elevator B, C, D) is shown in Figure 6 by observing the step response
deflection as an input in designing a controller /compensator and pole zero map of the system, it is observed that the system
for longitudinal dynamics of the system. The pole zero map is unstable in nature because one pole lies on RHS plane of
for the systems is shown in Figure 5. pole zero map.
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Figure 5. Pole zero map
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4. CLOSED LOOP STABILITY ANALYSIS OF

HYBRID AIRSHIP

For closed loop stability analysis [14-16], root locus and

Bode plot of G11 = uiﬁe
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bode plot technique is performed for each four-transfer
function (O/p vs J.) discussed in Table 3. Bode plot and root
locus for the system is shown in Figures 7 and 8 respectively.
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Figure 7. Bode plot of the system
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The small sized winged hybrid airship having elevator
control maneuver surface and with suspended payload
mathematical model is analysed in longitudinal dynamics. The
mode analysis, damping factor, frequency, and time constant
are calculated for each eigen values of the system and is listed
in Table 5.

It is observed that the system in closed loop is not
dynamically stable, so to make a system stable and having
trajectory tacking mechanism, designing of
controllers/compensators with filter is required. Pitch control
is an important aspect in longitudinal dynamics of hybrid
airship discussed in references [8-12]. For pitch control as a
trajectory tracking, a PI and PID controller is designed for the

transfer function G13 =? and G14 =? IMC

compensator is designed for stabilizing the transfer function
11 =" and G12="2 The
e Se
controller/compensator transfer function is listed in Table 6.
The performance, robustness, and stability analysis for

u@s) w) 96 ) ;
5. " o, o, and > ) are obtained and

listed in Table 7. The same analysis is also done for the system

designed

transfer functions (

with different controllers as required and is listed in Table 7.
Eigen values of w, the velocity in z body axis of winged hybrid
airship is on RHS of pole zero plot, that provides instability in
the system. The winged hybrid airship is statically stable and
dynamically unstable. An internal model control (IMC)
compensator [13] is designed for a SISO mathematical model
represented in transfer function form as G11 and G12. The
bode plot and step response of IMC compensator for G11 and
G12 are shown in Figure 9 and Figure 10 respectively and it
gives closed loop stability in the system. PI (proportional
integral) controller and PID (proportional integral derivative
controller is designed as pitch control and trajectory tracking
for G13 and G14 transfer function. The reference tracking
response of G13 and G14 is shown in Figure 11 and Figure 12.
Finally, a complete longitudinal dynamics model with
controller/compensator for winged hybrid airship is designed
as Simulink model and is shown in Figure 13. Simulink step
response and collision avoidance pitch control response is
shown in Figure 14 and Figure 15. respectively. u and w with
compensator overshoots at higher value, so Hardware in loop
(HIL) solution for the same is not possible here in this case due
to the actuator movement limit.

Table 5. Longitudinal dynamics mode analysis

. Pole/Longitudinal . Frequency Time -
Transfer Function Eigen Values Damping (rad/s) Constant(s) Stability Mode
G11=2® -0.177 +0.6191i 0.275 0.643 5.66 yes Pendulum mode
W‘s(es) -0.177 - 0.6191i 0.275 0.643 5.66 yes Pendulum mode
Gl2=—~ 1.69 -1 1.69 -0.59 no Heave mode
G13=28
8¢
G14=2® -2.29 1 2.29 0.436 yes Surge mode
8¢
System matrix A
Table 6. Controller transfer function for longitudinal dynamics of hybrid airship
Controller Transfer Function (O/p vs Je)
GlI IMC —72412 (s + 2.272)(s — 0.8257)(s + 0.09128)(s? + 0.397s + 0.4041)
- s (s —19.3)(s — 0.1089)(s? + 0.6198s + 1.948)
12 IMC —597.06 (s + 23.98) (s + 3.534) (s + 0.09103) (s"2 + 0.3099s + 0.4018)
- s (5”2 + 0.2686s + 0.3322) (s"2 + 47.47s + 646.9)
12.7037
G13_PI —-13530.16(1 + )
39504.896 109.82
G14 _PID - 70.787 - —— 2545 ———
» 38070.78 8952.5 51+109.825
Table 7. Performance, robustness, and stability analysis
gzi‘c‘tslf(f; GM (dB) PM (dB) Rise Time Settling Time Overshoot Peak S tgﬁi v
G11=2 52.4 dB @ 0 rad/s - - - - - NO
G122 ; ] ] ) ] ) NO
G131 ; ] ] ) ] ) NO
G14=" : ; ; - - - NO
G11_IMC 033dB@1.19  -1.53deg @152 376 ¢ 2895 838.4%  9.38in3.83s  YES
rad/s rad/s
GI2 IMC 235dB@0491 18.5deg @ 145 339 ¢ 8.59s 236%  336in2.14s  YES
rad/s rad/s
G13 _PI -37.8 @1.15 rad/s 69 derid;@s 319 0.0433 s 0.264 s 17.8% 1.19 YES
Gl14_PID 206dB@2.02  69deg @20.1 564 1s 15.7 % 1.16 YES
rad/s rad/s
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Figure 17. Development of airship in UPES campus
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PID controller for pitch control is fabricated on UNO board
with ALTAIR Embed software shown in Figure 16. The
movement of elevator for pitch control is represented here with
paper attached to servo motor. This is a small step to make
hybrid airship autonomous with navigation, guidance, and
control. The airship shown in Figure 17, is under development
as a SEED funded project under Dr. Om Prakash in UPES,
Dehradun campus. Result of longitudinal stability analysis of
the hybrid airship is elaborated in Tables 5 and 7.

5. CONCLUSIONS

In this paper, a complete linearized mathematical model for
longitudinal dynamics of winged hybrid airship with elevator
deflection is developed in state space form and with transfer
function classical approach. The work is in continuation with
development and analysis of non-linear mathematical model
of small sized winged hybrid airship with suspended payload
discussed [18-20]. For longitudinal trim, the hybrid airship is
flying at 20 m/s speed, pitch angle 0 degree and angle of attack
as 0 degree. u, w, q and @ are states of the system and J.
(elevator) and T (thrust) are inputs to the system. The work is
restricted to elevator deflection as longitudinal dynamic study
in this paper. The stability analysis is done for both open loop
and closed loop. The winged hybrid airship is statically stable
and dynamically unstable in nature. The time domain analysis
and frequency domain analysis are done for the system.
Aerodynamic model is developed with the help of curve
tracing techniques on the graph taken from the study [21].
Aerodynamic data is computed either from wind tunnel test,
numerical  solutions, or  semi-empirical  approach
approximating the dynamics is more towards conventional
aircraft.

PID controller is tuned and designed for pitch control. IMC
compensator is designed for u and w. After designing the
controller, the system is stable in closed loop and pitch up and
down trajectory tracking is achieved more accurately for
hybrid airship. Hardware in loop solution is also provided in
this paper as shown in Figure 16. With reference to the table 7,
the hybrid airship system is unstable in open loop but is stable
with proper designing of controllers and compensators. For
G13 transfer function PI controller is designed for pitch
control, and it settles within 0.264 s with rise time of 0.0433 s
and overshoot of 17.8 percentage. For G14 transfer function
PID controller is designed for pitch control, and it settles
within 1 s with rise time of 0.064 s and overshoot of 15.7
percentage. In pitching path simulation of collision avoidance
is shown in Figure 15.

The same work with controller design in this paper can be
carried out for making the airship shown in Figure 15 as
autonomous with geometrical values inserted. The airship
shown in Figure 17 will be used for delivering a payload in
small range transportation.
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