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abstract. The purpose of this research is an analysis of the static and dynamic stability of the Modular Airplane Sys-
tem (MAS). The MAS is designed to perform suborbital space flights. The concept assumes that two tailless vehicles bonded 
together form a conventional aircraft where the wing of the second one is used as the horizontal tail of the whole system.
The CFD calculations, and the stability and control derivatives were conducted by the PANUKL package, which uses a low 
order panel method for the aerodynamic analysis. The analysis of the static and dynamic stability was performed by 
the SDSA package. Only the selected part of the MAS mission was investigated. The results that will be presented have 
been divided into three parts: static stability, longitudinal dynamic stability and lateral dynamic stability.
The MAS has a few possible applications. The first one is a suborbital space tourism flight. Moreover, it can be used 
as a lunching vehicle for micro satellites or as a testing platform for new space technology to improve their TRL level. 
Finally, in the far future, it could be used as a fast point-to-point travel system.
The paper presents the results of the static and dynamic stability of a unique aircraft configuration which consists of 
two tailless vehicles. The research focuses on a situation where the vehicles are just before separation and their mass is 
similar. Moreover, the influence of the second vehicle’s position with respect to the first one is included.
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1. introduction

Space technology development has caused an increase in 
the society’s interest in space travel. The price of a visit to 
the International Space Station is about 20 million USD 
(Furton Corporation 2002). Only a very small group of 
people can afford such expenses. On the other hand, if 
the cost of space travel decreased and flight preparations 
were shorter, the group of potential customers would be 
quite big (Furton Corporation 2002). Therefore, subor-
bital flights seem to be a very promising concept. The 
idea of this kind of flight assumes crossing the boundary 
of outer space, but the vehicle does not achieve an orbit. 
The border between the Earth’s atmosphere and outer 

space is at 100 kilometers above sea level, so everyone 
who has crossed this border becomes an astronaut. Cur-
rently, a few companies are working on the first com-
mercial vehicle for a suborbital space flight.

2. The maS concept

Due to the potential demand, a project of designing a 
new commercial suborbital space vehicle was begun at 
the Faculty of Power and Aeronautical Engineering at 
Warsaw University of Technology (Galiński et al. 2007; 
Figat et al. 2011, 2012). The concept form, referred to 
as the MAS (Modular Airplane System), consists of two 
tailless vehicles which are bonded together, thus forming 
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a conventional aircraft. The MAS (Fig. 1) includes a Car-
rier and a Rocket Plane which is used as the tail of the 
MAS. The Carrier has a sweep wing with winglets and 
two turbojet engines placed on the top of the fuselage. 
However, the Rocket Plane is designed for three persons, 
including the pilot. A hybrid rocket engine is used as the 
Rocket Plane’s propulsion system. Moreover, the concept 
assumes rotational side plates on the wing tips, which 
ensure the yawing and pitching channel control. Also, 
two segmented elevons are used to control the pitch-
ing and rolling control channels. One of the most in-
teresting features of the Rocket Plane is a strake which 
generates additional edge vortices. The concept assumes 
that the vortex’s lift phenomenon is utilized to decrease 
the sink rate and prevent the structure from overheat-
ing during the Rocket Plane’s re-entry flight. Since the 
vehicle is performing a suborbital flight, it means that 
the initial re-entry speed should be low and the prob-
lem of the overheating sharp edge of the leading edge 
should not occur. The concept of the MAS assumes to 
use the Rocket Plane’s elevons as an elevator to control 
the pitching channel and obtain trim conditions. The ro-
tational side are used as the rudder of the whole system. 
The Carrier’s elevon is used as the aileron of the MAS.

The MAS mission profile (Fig. 2) assumes the fol-
lowing flight plan:

 – the MAS horizontal take off; the Rocket Plane is 
lifted by the Carrier to about 15 kilometres;

 – the vehicles’ separation;
 – the Carrier’s return to the airfield and, at the 
same time, the Rocket Plane’s engine start up 
and the vehicle’s climb start followed by the en-
gine shut down, after which the Rocket Plane 
continues the mission as a ballistic flight. Finlay, 
the border between the Earth’s atmosphere and 
outer space is crossed;

 – the re-entry; during the glide, the mentioned 
vortex lift phenomenon is generated, which, in 
turn, reduces the Rocket Plane’s rate of descent 
and prevents the structure from overheating as 
well;

 – the Rocket Plane’s landing.
The analysis in this paper is focused only on the 

bonded configuration just before the vehicles’ separa-
tion, and the results for different mutual positions of the 
Rocket Plane relative to the Carrier are presented.

2.1. Basic data information
The paper includes the results for two configurations of 
the MAS. In the first case, the Rocket Plane is closer to 
the Carrier. Only the distance between the vehicles in 
direction X is different. The position of the Rocket Plane 
in the second case is shifted to the back by 0.537 m. The 
basic geometrical, mass and performance information 
are presented in Tables 1 and 2.

Table 1. Basic assumptions of the geometry and performance

Span 25 m

MAC 2.359 m

Reference area 55.1 m2

Mass before separation 8766.8 kg

Total engine thrust 27.5 kN

Altitude 15 km

Separation speed 155 m/s

C.G. just before separation 
configuration 1 13.7 MAC%

C.G. just before separation
configuration 2 22.2 MAC%

Table 2. Moment of inertia for both configurations

Configuration: No. 1 No. 2

Ixx 89700 89700 kg*m2

Iyy 59382 65381 kg*m2

Izz 112476 118475 kg*m2

Ixy –2720 –3574 kg*m2

Izx –6588 –8476 kg*m2

Iyz –241 –241 kg*m2

3. aerodynamic and derivatives’ calculations

The stability derivatives were computed by the Panukl 
package, which uses a low order panel method for the 
aerodynamic analysis of the potential flow (Goetzen-
dorf-Grabowski 2002). This kind of software can be used 
in the initial stage of aircraft design. Due to the potential 
flow, only the linear part of the aerodynamic character-
istics can be analysed. The computational model consists 
of about 10 000 elements (Fig. 3).

Fig. 1. The Concept of the MAS

Fig. 2. The MAS mission profile
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Fig. 3. The computational model (mesh and wake)

The computational model of the Rocket Plane is fin-
ished by a cone, but the pressure generated by this cone is 
not summarized in the total value of forces and aerody-
namic moments. Examples of pressure coefficient distri-
butions for both configurations of the MAS are presen-
ted in Figure 4.

Fig. 4. An example of the pressure coefficient distribution for 
configuration No. 1 (on the top) and configuration No. 2 (on 
the bottom) when Ma = 0.6 and AoA = 2 degrees

The results of the aerodynamic charactersitics com-
puted by Panukl were compared with the results com-
puted by the MGAERO software (see Fig. 5), which uses 
the Euler cond with a mutligrid acceleration (MGAERO 
2005). The model generated by Panukl has a bigger dis-
tance between the vehicles in Z direction as compared to 
MGAERO; this was limited by the avaible ways of wave 
generation in the Panukl package. The pressure ceof-
fiecnt distribution obtained by MGAERO for configra-
tion No. 1 of the MAS is presented in Figure 6.

Fig. 5. Comparisons of the lift coefficient and pitching moment 
coefficient with respect to 25% of the MAC computed by 
PANUKL and MGAERO

Fig. 6. The distribution of the pressure coefficient computed by 
MGAERO when Ma  =  0.5 and AoA  =  0 degrees

4. The static stability analysis

The first step of the longitudinal static stability analysis 
is the estimation of the static margin (Nelson 1998). The 
calculations were made based on the results computed 
by PANUKL. Moreover, the analysis considers an ex-
treme position of the centre of gravity (take-off being 
the most rear and just before separation being the most 
front). The diagrams of the static stability margin versus 
the Mach number are presented in Figure 7. The solid 
line represents the results for the centre of gravity just 
before the vehicles’ separation, while the dashed line 
represents the results for the take-off configuration. The 
MAS is longitudinally statically stable for both MAS 
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configurations and with the considered position of the 
center of gravity.

Fig. 7. The static stability margin for configuration No. 1 (on 
the top) and configuration No. 2 (on the bottom)

The second part of the static stability analysis is the 
directional static stability. The derivative of the yawing 
moment with respect to the sideslip angle is presented 
in Figure 8. The MAS is directionally statically stable for 
both configurations of the MAS.

Fig. 8. The derivative of the yawing moment coefficient with 
respect to the sideslip angle for configuration No.1 (on the top) 
and configuration No. 2 (on the bottom)

5. The dynamic stability analysis

The dynamic stability analysis was performed by the 
SDSA package (Goetzendorf-Grabowski 2008). The ana-
lysis of eigenvalues was made by a linearized nonlinear 
model (Goetzendorf-Grabowski 2008; Goetzendorf-
Grabowski et al. 2011) by computing the Jacobian matrix 
(Goetzendorf-Grabowski 2008; Goetzendorf-Grabowski 
et al. 2011) around a trim point. Equation (1) presents 
the general form of the eigenvalue solutions computed 
by the SDSA package. The damping coefficient and fre-
quency coefficient is computed using equations (2) and 
(3). The period and time to half damping is defined re-
spectively by Equations (4) and (5).

iλ = ξ + η ; (1)

2 2
NDω = ξ + η ; (2)

2 2d
ξζ =

ξ + η
; (3)

2T π=
η

; (4)

1/2
ln2T = −
ξ

, (5)

where ξ indicates damping coefficient, η  – frequency 
coefficient, ωND – undamping frequency, ζd – damping 
ratio, T – period, T1/2 time to half damping.

The first step of the calculations is finding the 
parameters of the aircraft in the trim condition. The 
flight parameters in trim for the MAS configuration 
No. 2 are presented in Figure 9. The analysis was made 
around the assumed point of vehicle separation which, 
according to Table 1, has the following parameters: the 
level of flight is about 15 km and the separation speed 
is about 155 m/s.

Fig. 9. The flight parameters in trim: angle of attack, elevator 
deflection and thrust for the MAS configuration No. 2
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The dynamic stability should be assessed using ap-
propriate regulations; however it is difficult to classify 
the presented vehicle according to current regulations. 
Therefore, few criterions of stability are included. The 
results show an influence of the Rocket Plane’s position 
on the MAS dynamic stability.

5.1. Longitudinal dynamic stability
The analysis of dynamic stability consist of two parts, 
the first one is concerned with the longitudinal dynamic 
stability (phugoid and short period). The result for the 
phugoid mode for both configurations of the MAS 
are presented in Figure  10. The MAS is dynamically 

unstable for configuration No. 1. The stability charac-
teristic for the short period is presented in Figure  11. 
The period and time to half damping of the phugoid and 
the short period mode are presented in Figure 12. Base 
on the MIL regulation (MIL-F-8785C), the short period 
for both configurations of the MAS is pore damping 
(Fig. 13). 

5.2. The lateral dynamic stability
The second part of the dynamic stability analysis is the 
analysis of the lateral model (dutch roll and spiral). The 
lateral eigenvalues (for the real and imaginary part) 
for the dutch roll are presented in Figure 14. Figure 15 

Fig. 10. Eigenvalues of the real and imaginary part for the phugoid

Fig. 11. Eigenvalues of the real and imaginary part for the short period

Fig. 12. The period and time to half damping for the phugoid (on the left) and short period (on the right)
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presents the period and time to half damping for both 
MAS configurations for the dutch roll mode. The time 
to half damping for the spiral mode is presented in Fig-
ure 16.

The stability criteria for the dutch roll mode based 
on the MIL regulation for both MAS configurations are 
presented in Figure  17. The roll analysis based on the 
Cooper-Harper pilot assessment for both MAS config-
urations is presented in Figure 18. The configuration No. 
2 has better properties.

Fig.  14. Eigenvalues for the real and imaginary part for the 
dutch roll

Fig. 15. The period and time to half damping for  
the dutch roll

Fig. 16. The time to half damping for the spiral mode  

Fig. 13. The damping ratio stability criterion based on the MIL regulation for configuration No. 1 (on the left) 
and configuration No. 2 (on the right)
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conclusions

The analysis of the static and dynamic stability of the 
Modular Airplane System is described. The results for 
two positions of the Rocket Plane were presented. The 
MAS is longitudinally statically stable for both config-
urations and for all assumed positions of the centre of 
gravity. However, configuration No. 1 is not dynamically 
stable. Therefore, configuration No. 2 has been chosen 
for further analysis of the MAS.
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appendix

Notation
AoA – angle of attack [deg.].
C.G. – center of gravity.
CL – lift coefficient.
CMY – pitching moment coefficient.
dCn/dBeta – derivative of yawing movement coefficient in respect to sideslip angle.
Cp – pressure coefficient.
HN – static stability margin.
Ma – mach number
MAC – mean aerodynamic chord [m].
MAS – Modular Airplane System.
T– period.
T1/2 – time to half damping.
TAS – true airspeed.
ξ – imaginary part.
η – real part.
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