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Abstract

Classical approach to conceptual and preliminary design in aerospace sciences reaches limits. To go further and achieve
better, competitive results’ use of optimization methods becomes mandatory. The trend is clearly visible in professional
software for simulations equipped with optimization tools, which was not standard just decade ago. Many examples of
multidisciplinary optimization were shown, especially with coupled aerodynamics and structure analyses, but only few of
them consider dynamic stability effects in the conceptual and preliminary design. The article shows successful example
of multidisciplinary design and optimization of Vertical Takeoff and Landing aircraft, which includes coupling of aero-
dynamics, mass analyses and innovative approach of constraints from flight dynamic stability. Presented optimization
framework revealed potential for more efficient conceptual and preliminary design with the result of known dynamic
stability characteristics of the aircraft. Obtaining the dynamic stability characteristics is not common on the early stages
of the design yet crucial for the aircraft flight performance.
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Introduction

The object of optimization is a multipurpose Vertical
Takeoff and Landing (VTOL) unmanned aircraft.
There is a demand on the market for such type of
aircrafts, which are relatively cheap to manufacture
and use, compared to typical manned aircraft.
Furthermore, unmanned aircrafts offer possibility to
conduct missions, which could be dull, dirty or dan-
gerous for humans. In particular, VTOL type of air-
craft, which is a hybrid of airplane and multicopter,
combines advantages of the two, which is a possibility
to take off and land without runway and travel for
long distances. The advantages come at a price of
complexity of the system. The aircraft has to satisfy
number of constraints and performance requirements.
Although, it is conceptual design phase to obtain reli-
able results for such a complicated object as VTOL
aircraft, it has to be sufficiently well modelled. The
optimization includes analyses of aerodynamics,
mass estimation and flight dynamics constraints.
Many examples of multidisciplinary optimization
can be shown, especially with coupled aerodynamics
and structure analyses. Starting from airliners opti-
mization'? through supersonic aircrafts® and ending

up even with morphing structures.*> Although variety
of examples is very wide, only a few of design exam-
ples consider dynamic stability effects in the concep-
tual and preliminary design. In most cases, the designs
are limited to longitudinal, or lateral stability
modes™®’ or to simplified configuration like flying
wing.®? Flight dynamics analyses during the concep-
tual design are rarely done. In most cases, only
requirement for static stability is checked, and
dynamic stability analyses are done at the end of the
conceptual design'®!" to check if the design is feasible
and flyable.'? It may be sound approach for aircrafts
with classical configuration, which are well known,
and there are many similar, representative, operating
aircrafts, which were built for the particular purpose.
This statement will not hold for innovative configur-
ations, such as VTOL aircraft. The reason for such a
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general approach is requirement for dynamic stability
data, which are aerodynamic and mass characteristics
data. Therefore, aircraft’s acrodynamic configuration
and at least main structure components have to be
defined and considered. Details about basis of the
new optimization approach with the dynamic stability
constraints framework can be found in Mieloszyk and
Goetzendorf-Grabowski."?

The design has basic utility requirements for pay-
load weight and size, which force strict requirements
for power needed for vertical flight and for size and
masses of the vertical propulsion system. Due to flight
law regulations, it was also assumed that the total
weight for flight cannot exceed 25kg. Utilizing these
assumptions, mandatory technical requirements were
defined. The initial aircraft configuration is shown in
Figure 1.

Analyses used in the optimization

As stated in the introduction to obtain reliable results,
simple but accurate model of the problem has to be
formulated. For that purpose, different simulations
were used, which are described in the subsequent
chapters.

Aerodynamic analyses

The aerodynamic analyses were done utilizing Panukl
software,'*!> which was coupled with a two-dimen-
sional viscous panel method in Xfoil software for air-
foil analyses.'® All aecrodynamic values of forces and
moments were taken directly from the 3D panel
method except the drag force. The drag was corrected
according to equation (1). The total drag contained a
few components which included pressure drag from
3D panel method for the whole aircraft model, fric-
tion part of drag of all the wing surfaces and the fric-
tion part of fuselage drag. For the wing-type surfaces
like the main wing, horizontal stabilizer and vertical
stabilizers MAC were calculated. For the MAC, for
the particular wing surface, two-dimensional viscous
analyses were done to obtain friction part of the drag.
Additionally, constant friction part of the drag for

Figure |. Base aircraft model before the optimization.

fuselage was estimated based on analytical formula
from flight mechanics'’

D total — D 3D _panel_method +D 'f—_wings +D 'f_fuselage (1)

Mass estimation analyses

To conduct dynamic stability analyses, mass proper-
ties were needed. Total mass consisted of the follow-
ing components: wing mass, fuselage mass, tail booms
masses, payload mass, avionics mass and battery mass
(equation (2)). Regarding law regulations, to maintain
simplicity of the UAV, total mass could not exceed
25kg. Particular components of mass were estimated
according to the following formulas (equations (2) to
(5)). The wing mass was calculated according to the
empirical formula (equation (3)) from Noth.'"® The
fuselage size was defined by the requirement on pay-
load dimensions. Using early CAD model, a wet sur-
face area and fuselage’s size were estimated. The
surface area multiplied by material weight gave esti-
mation of fuselage mass, which was kept constant.
The initial mass of tail booms was estimated accord-
ing to the same principle as the fuselage mass,
based on the early CAD model and assumed material
properties. Assuming a unit weight of the two tail
booms Up,em equal to 0.32kg/m, its mass changed
depending how far the empennage was situated from
the wings and how long the tail booms had to be
equation (4). The mass of payload was the design
requirement and was constant. All components of avi-
onics like autopilot, sensors, motors, etc. were
summed up and also kept constant. From the initial
analysis, it was clear that a high total mass of the
aircraft is favourable to operate with specified pay-
load, but the design was limited in total mass of
25kg. Since the total mass of the aircraft was
known, the remaining part of the mass could be
used for batteries. Transforming equations (equations
(2) to (5)) gave mass of batteries. Ultimately, the cap-
acity of the batteries had to be enough to provide at
least 1h of flight endurance

m = NMyyjng + My + Mpoom + Mpayload

(2)
+ Mavionics + Mbarr
5.58 - p*'% . 4R7OS
Myying = (3)
g
Mpooms = 2. lboam * Uboom (4)
Mpae = N — (mwing + My + Mpoom (5)

+ Mpayload + mavioni('x)

For the dynamic stability analyses, position of
center of gravity (CG) and moments of inertia is
needed. Change of the position of CG was updated,
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due to changing sizes of parts of the structure like for
example tail booms. Although, the corrections were
small since most of the components of aircraft, with
significant masses, were placed fixed inside fuselage
and in the tail booms. For keeping the optimization
task, simpler moments of inertia were estimated based
on the base configuration of the aircraft. Initial calcu-
lation of moments of inertia included, besides struc-
ture moments of inertia, avionics, payload and
propulsion system. Most significant masses, that had
high moments of inertia, were not influenced by the
optimization variables. Knowing how important
moments of inertia can be for the dynamic stability
characteristics, the design was updated and analysed
again during the detail design phase. The simplifica-
tion was justified and confirmed in the detail design
phase. Nevertheless, improvement for model with
changing moments of inertia is desirable and con-
sidered as a future work.

Flight dynamic stability analyses

The flight dynamic stability analyses were done based
on data obtained from aerodynamic and mass model
simulations. The analyses were done by SDSA soft-
ware.'??* Constraints for the flight dynamic stability
for the design are mandatory and defined by the flight
law regulations.?!

Optimization algorithm

The optimization was done with the use of Particle
Swarm Optimization (PSO) algorithm,”® which
belongs to the family of evolutionary algorithms and
mimics swarms behaviour. The main equation (6) of
the algorithm describes artificial movement of the par-
ticles, which represent aircrafts in multiple configur-
ations with different values of design variables, in the
design space. Update of the design variable through
subsequent iterations is defined by equation (7). The
penalty function method was used to incorporate con-
straints to the optimization

Vi=w-Viei +s1-11- (xbest in the iteration — xk)

+ 8212 ()_‘f:gl()haly best — )_C'/&) (6)
Xi1 =X+ Vi (7

An in-house code algorithm was used.?** Settings
of the algorithm are gathered in Table 1. The opti-
mization algorithm was limited to 25 iterations. After
about 10 iterations of optimization, improvement of
the objective function equation (8) was very small,
and it was assumed that the optimization process con-
verged. Optimization task had number of geomet-
rical and environmental variables, which influenced
aerodynamics through aircraft’s geometry change,
flight conditions and mass properties according to

Table 1I. Optimization algorithm settings.

Settings

Iterations limit 25
Particles 15
w 0.05
sl 2

s2 2

Table 2. List of optimization variables.

Optimization variables

Id Name Min Max
0 wing_tip_c 0.3 0.5

I wing_tip_y | 1.6
2 wing_tip_z 0.225 0.35
3 wing_tip_AoA 0 8

4 h_stab_c 0.2 0.3
5 v_stab_x 1.2 .5
6 h_stab_AoA -35 35
7 v_stab-bot_c 0.05 0.2
8 v_stab-bot_x 0 0.2
9 v_stab-bot_z 0 —0.05
10 v_stab-top_c 0.05 0.2
I v_stab-top_x 0 0.2
12 v_stab-top_z 0.2 0.32
13 Angle of attack -3 6

14 AoAmax 6 12
I5 wing_AoAcenter —1 4

16 wing_ccenter 0.3 0.5
17 v_stab-root_c 0.15 0.3
Indexes: ¢ — chord X, y, Z — positions

the mass estimation model. All design variables that
are listed in Table 2 could change within initially
defined, reasonable limits. The limits of the design
variables were chosen based on the engineering
experience and subsequently tuned if needed during
few optimization runs. At the beginning of the opti-
mization process also unfeasible solutions were
allowed, but had to be eliminated by the algorithm,
during the optimization process, with defined physical
constraints. It was assumed that the optimization
algorithm should not violate design variables limits,
if it is not indicated by the technological, or exploit-
ation issues, to find the true optimum of the solution.
It is desirable that only physical constraints are acti-
vated by the algorithm during the optimization and
lead to the optimum result.

The maximum mass of payload equal to 3kg and
minimum endurance of 1h were the top—down
requirements for the project. From the conceptual
phase of the design, it was already known that the
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big limiting factor is the total mass of the aircraft
ready for flight, which could not exceed 25kg due to
flight law regulations. In such circumstances, it was a
challenge to obtain over 1 h of endurance for the elec-
tric propulsion. The main objective function was flight
endurance equation (8), which was evaluated for the
cruise speed of 22 m/s, which was also the top—down
condition. The objective function couples all depen-
dencies related to aerodynamics and mass of the air-
craft. The design is subject to many constraints.
Beginning with basic one where lift force and weight
has to be equal in steady flight conditions for cruise
speed equation (9). Pitching moment coefficient
should be zero equation (10). The stability derivatives
should satisfy prescribed values (equations (11) and
(12)). The lift distribution should not overcome the
prescribed maximum lift coefficient to prevent aero-
dynamic stall equation (13). The maximum angle of
attack (AoA) and related minimum speed were esti-
mated based on the condition during the optimiza-
tion. Number of additional constraints on wing
loading and thrust loading was set (equations (14)
to (18)). The conditions for wing loading and thrust
loading were estimated during the early conceptual
design.

Dynamic stability constraints are defined in the
optimization by law regulations and the MIL-STD
norms.”® Constraints on specific, oscillation frequen-
cies, damping ratios and the time to double are pre-
scribed by equations (19) to (24)

Minimize

-k
x P
With respect to:
x (design variables; Table 2)

Subject to
1 2
m-g=s-p V?-CL-S ©))
CM|¢y,,,..= 0 (10)
dCL
—— < —0.1 11
acm = (D
dCn
-~ 004 12
a7 > 0.00 (12)
CLlocal_on_wing <14 (13)
W/S<05-p- V2. - CLyax (14)

0.5-p- V2, -CDy

/W > /S

(15)

5- P Vglimb - CDy
W/S

. 0.
T/W > siny +

2203
WS
+ 2
05-p- Vo T-AR- e
0.5-p-V2,, - CLyax
W/S < P tun12 ma (16)
-V
(25) 41
where
1
g coslg 1

0=——— 17
Vturn ( )

0.5-p- V2, -CD

T/ W > p turn 0
w/S (18)

N WS
cos’9-05-p-V2 7w -AR-e

gphugoid >0 (19)
é‘short_period < 1'3A§short_peri0d >0.35 (20)
Cautch_roll > 0.19 (21)
Odutch_ront > 1 Hz (22)
T2_r()ll <lIs (23)
T2_spim[ > 20 SVT2_spim[ <0s (24)

Optimization results

The main characteristics of the aircraft obtained after
the optimization are shown in Table 3. The total mass
of the aircraft for flight was limited to 25kg. The air-
craft requires 374 W of power for flight for cruise con-
ditions. It has the lift to drag ratio equal to 14.3 and is
able to achieve flight endurance of about 1 h 40 min.
Comparison of geometry layout of the aircraft, before
and after optimization, is shown in Figure 2. The
most pronouncing change is reduction of the aspect
ratio of the wing, which degraded slightly aero-
dynamic performance, but also reduced mass of the
wing. As a consequence, more batteries can be taken,
and overall flight endurance increases.

Example of pressure distribution obtained during
computations is shown in Figure 3. Because of high

Table 3. Chosen properties of the optimized object.

Result
Wing span (m) 24
Mass (kg) 25
Cruise speed (m/s) 22
Cruise required power (W) 374
Aerodynamic efficiency 14.3

Endurance (h) 1.64
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Figure 2. Aircraft’s geometry comparison: (a) conceptual design configuration and (b) optimized configuration.

Cp 200

Figure 3. Pressure distribution on high angle of attack.

level of computations automation, complexity of the
geometry and allowed big changes of the geometry
tail booms were not modelled in geometry. It was
assumed that their influence on aerodynamics is low
compared to other aircraft components, which was
confirmed later on in more complex verification com-
putations. Still mass of the tail booms was dependable
on their length equation (4). Total mass break down is
shown in Table 4.

Table 4. Mass brake down of the aircraft in

kilograms.

Optimal
m_wing 221
m_fuselage 38
m_booms 1.13
m_payload 3
m_const 9.26
m_batt 5.6
m 25

As stated before, optimization process was subject
to many constraints, which had to be satisfied. The
constraints were realized by penalty function method,
and in the end, only four constraints were slightly
violated, which had to be carefuly checked (Figure
4). Lift force and weight equality constraint gave dif-
ference of 0.21 kg, which is 0.8% of the total wight
and is considered as a good result within tolerance.
Pitching moment coefficient in trim conditions should
be zero, and after the optimization, it had the value of
—0.0018. This is also considered as satisfactory, and
in practice, this difference can be corrected by a small
elevator deflection. Local lift coefficients were crossed,
which could lead to undesirable stall conditions. This
important constraint on the local lift coefficient had
set safety margin in the optimization. Figure 5 shows
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Figure 4. Penalty function of the constraints through the optimization.
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Figure 5. Lift distribution on the wing.

the lift distribution with optimization constraint and
maximum airfoil lift coefficient marked. The con-
straint was only slightly violated, and maximum lift
coefficient for the airfoil used is clearly higher, which
indicates that the design still remains on the safe side.

Finally, the dynamic stability short period constrain
was very slightly violated. This constrain is discussed
in detail during the dynamic stability characteristics
description. All other modes of the dynamic stability
were fully satisfied.
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Figure 6. Phugoid mode — damping ratio.
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Figure 7. Time to double for phugoid.

Flight dynamic stability optimization
constraints
The optimization is constrained, by flight law regula-

tions described in the following work,?' to certain
aircraft stability properties. All stablity modes were

stable for all needed flight speeds and altitudes.
Results of the analyses are shown in the following
part.

More precise requirements from MIL?® criteria
define phugoid damping ratios. Obtained damping
characteristics are satisfied through the whole range
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Figure 8. Short period — control anticipation parameter (CAP) requirement.
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Figure 9. Short period mode — damping ratio.

of airspeeds and altitudes. Only for regime of low
speeds, the damping ratios exceed slightly Level 2 of
acceptance, see Figure 6. Values of phugoid the time
to double are negative, which indicates that the oscil-
lations are stable at all times, see Figure 7.

Short period gives strict requirements for oscila-
tions which have to be strongly damped, what is
emphasized in flight regulations as well as in MIL
requirements. The short period undamped natural fre-
quency is shown in Figure 8. The short period
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Figure 10. Dutch roll for flight phase C characteristics.
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Figure 1. Spiral mode — time to double.

frequencies are partially in the second acceptance level
of MIL norms, but they are still satisfactory. Damping
ratio of the short period is given in Figure 9. The
characteristics fall into the first acceptance level of
the flight regulations and are strongly damped.

Dutch roll characteristics are shown in Figure 10
for flight phase C. Takeoff and landing are covered
during that phase of flight, which are one of the most
dangerous phases and have to be treated carefuly.
The conditions are fulfilled.
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Constraints for the spiral mode are shown in
Figure 11. At all times, the spiral is stable, what is
indicated by a negative time to double values.

Conclusion

This work presents optimization framework of cou-
pling aerodynamic analyses, mass analyses and flight
dynamic constraints. It was presented how aero-
dynamic analyses were done, and how mass models
of components of the aircraft were defined. It was also
shown what kind of optimization algorithm was used
for this design, and how the optimization task was
defined. A special attention was paid to the con-
straints which were slightly violated and presented
in this article, that with the design assumptions
made, the constraints remain satisfied. Finally, all cru-
cial dynamic stability characteristics were presented
and shown that they all are on the right acceptance
level.

All constraints are satisfied and the goal of the
optimization achieved, which is stable aircraft with a
very good performance. Detailed approach of defin-
ing and solving the optimization task was shown in
this article. The optimization process is fully auto-
mated resulting in a mature preliminary design.

It was proved that the optimization framework,
which utilizes in the design process constraints from
the flight dynamic longitudinal and lateral stability, is
robust and feasible.
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Appendix

Notation

AR
CD
CL

aspect ratio
aerodynamic drag coefficient
aerodynamic lift coefficient

M aerodynamic moment coefficient

D
e

aerodynamic drag (N)
Oswald coefficient

ry, 2

S, $2

SN

Uboom

NMERERNT % ST

gravity acceleration, 9.81 (m/s)
power density in batteries (W/kg)
geometry dimension, length (m)

mass (kg)

power (W)

randomization coefficients in PSO
optimization algorithm

relaxation coefficients in PSO optimi-
zation algorithm

reference area (m?)

flight endurance (s)

thrust (N)

time to double (s)

unit mass of the tail boom 0.32 (kg/m)
global relaxation coefficients in PSO
optimization algorithm

weight (N)

flight velocity (m/s)

particles velocity vector in optimization
optimization design variables

sideslip angle

climb angle

roll angle

air density (kg/m?)

frequency of oscillations (Hz)
damping ratio



