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Abstract: The concept of aerospace plane (ASP) horizontal launch and landing with the assist of heavy 
plane or ekranoplane is analyzed1. It is shown, that their docking at a final stage of aerospace plane 
alighting is favorable to expansion of functional capacity of this space transportation system. Ekranoplane 
with mass of 1500 ton or more is capable to carry ASP with initial mass of 500 ton and landing mass of 
60-70 ton. Ekranoplane can provide ASP with the primary speed of Mach 0.5-0.65 in required direction 
that allows the lowering of the requirements to ASP wing area and its engines. A number of other 
advantages of the offered transport system are connected with the possible use of an ekranoplane at ASP 
launch and landing. Undocking and docking are the important stages of ASP flight which require the 
perfect automatic control. The requirements to corresponding systems of motion control of both winged 
crafts are presented, the structure of the integrated system of relative motion control is offered.  
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1. INTRODUCTION 

The cost reduction of useful mass injection into near-Earth orbit, 
expansion of functionality of space transport systems and ecology 
safety requirements are among the major problems of space 
engineering. Reusability of space transport vehicles, simplification 
and the cheapening of the necessary infrastructure for providing 
their launch and landing are very important directions of feature 
space technologies development. Aerospace plane (ASP) with 
horizontal aircraft-like controlled launch and landing seems to be 
undoubtedly the most applicable kind of vehicle to meet the 
requirements of reusability, wide functionality and minimization of 
land area for ASP landing needs. Although the decisions to close the 
X-33 program by NASA, the HOTOL by British Aerospace and 
MAKS by RSA seems to favor only vertical launch, but modern 
designs of Skylon, SpaceShipOne and SpaceShipTwo again give 
chances to horizontal launch.  

Future orbital ASP may definitely perform take off, ascend, 
descend, and landing like conventional aircraft, providing true 
single-stage-to-orbit capability. Horizontal take off and landing of 
ASP may be feasible presently, but a single-stage-to-orbit ASP with 
horizontal take off and landing cannot be constructed at near-
term steps of space launchers technology development. So, 
some winged heavy vehicle has to be used as reusable booster 
and probably moving platform for landing.  

Two kinds of flying vehicles which could serve as a moving 
platform for ASP initial acceleration at launch and possible assist at 
landing: heavy plane and ekranoplane (wing-in-ground effect craft), 
are known. In both cases many specific problems have to be solved 
for implementation the proper co-operative motion of ASP and 

moving winged platform, especially at their separation and possible 
approach. These problems could be divided into three main groups: 
mechanical, aerodynamic (especially mutual interference) and 
control. The paper is devoted first of all to control problems and 
strategies of their solving.  

2. THE CONCEPT OF “PLANE+ASP” SYSTEM 

This concept is well-known and deeply analyzed. Several famous 
projects exist with different heavy planes application, both subsonic 
and hypersonic. The heaviest in the world subsonic aircraft An-225 
MRIA originally intended for ASP “BURAN” transportation is 
used in the Russian project MAKS. 

MAKS multipurpose aerospace system consists of the subsonic 
carrier aircraft and an orbital ASP with an external fuel tank 
mounted on it. The second stage of the system has three 
modifications: MAKS-OS, MAKS-T and MAKS-M (Fig.1). 

The MAKS-OS second stage consists of a reusable orbital vehicle 
and an expendable fuel tank. The basic manned variant of the 
MAKS-OS vehicle has a two-seat crew cabin. The MAKS-T 
modification with the expendable unmanned second stage is 
intended to put into orbit heavy (up to 18 tons) payloads. The 
MAKS-M second stage is the reusable unmanned orbital vehicle. 

MAKS-M is regarded as possible further direction of MAKS 
concept when the first two modifications were fully developed. 
When MAKS-OS, -T and -M are created, they should be 
incorporated into the joint operation on the basis of a common 
carrier aircraft and the ground infrastructure. The development of 
MAKS-M is connected with solving the complex technological 
problems. 
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Fig. 1. MAKS system configuration 

For decrease of technical risk of the full-scale MAKS the creation of 
more simple and light demonstrational system was considered by 
Russian NPO “Molniya” together with British Aerospace, ANTK 
Antonov and TCAGI (Lozino-Lozinsky and Bratukhin, 1997). 
The opportunity of ASP catch by plane at the last stage of 
descent was considered by TCAGI also.  

3. THE CONCEPT OF “EKRANOPLANE+ASP” SYSTEM 

The concept of ekranoplane use for ASP horizontal take off and 
landing was developed by Y.Ohkami, N.Tomita and A.Nebylov 
(Tomita and Ohkami, 1995; Nebylov and Tomita, 1996, 1997; 
Nebylov, and Tomita, 1998a,b). Ekranoplane is a large marine wing 
craft which is capable to fly with application of wing-in-ground 
(WIG) effect at a small altitude above sea surface. The flight altitude 
has to be approximately one tenth of the wing chord. 

It is shown (Tomita, Nebylov, Sokolov, Ohkami(1999) that 
ekranoplane with its own mass of 1500 ton is able to launch ASP 
with starting mass more than 500 ton and landing mass of 60-70 ton. 
It can solve the problems of ASP transportation from the base to the 
launch point which is far from human settlements and advantageous 
for forming the required orbit parameters, ASP loading with fuel 
directly before launch and providing ASP with the primary speed of 
Mach 0.5-0.65 in required direction that allows to lower the 
requirements to the ASP wing area and its engines. The payload of 
the launch system “ASP+Ekranoplane” could be 3 times greater 
against the system MAKS-OS. 

Three main reasons may be pointed for application ekranoplane as 
an additional component in space transportation system: 

1. The specially prepared runway is not required. 

2. ASP can be supplied with simplified and lighted landing gear or 
has not gear at all when landing on ekranoplane moving with the 
velocity equal to ASP one. Extremely large saving of mass will be 

provided if all equipment for docking is an accessory of 
ekranoplane. The mass of gear for landing on runway may be 
approximately 3% of empty mass or 2530% of payload. So, the 
use of ekranoplane can permit to increase the payload of ASP by 
30% and to decrease correspondingly the specific cost of launch. 

3. The landing point can be chosen at any area of ocean that gives 
broad possibilities for ASP landing trajectory selection. 

Nine variants of ASP landing with ekranoplane assist were analyzed 
(Nebylov and Tomita, 1998a,b). All such variants are applicable for 
any ASP irrespectively to the variant of its launch  horizontal or 
vertical, with ekranoplane use or without it. But the variant of ASP 
landing to the deck of moving ekranoplane by the use of docking 
and mechanical mating is the most interesting and produces the 
harshest demands to motion control systems accuracy and reliability. 

4. PECULIARITIES OF EKRANOPLANE AS CONTROLLED 
CRAFT 

It is known that the longitudinal stability of ekranoplane in flight 
requires the special structural solutions in aerodynamic scheme for 
creation of the necessary control forces and moments to be applied. 
A special multi-channel automatic control system for stabilization 
and damping of heavy ekranoplane movement is necessary to 
consider for each definite aerodynamic configuration at the initial 
stage of design. The problem of high accuracy and reliability of 
measurement of parameters of flight close to the rough sea surface 
have to be solved, as well (Nebylov, 2010; Nebylov, Wilson, 2002). 

Specific conditions of ekranoplane and ASP mutual motion at 
undocking and possible docking make it impossible to use in this 
transport system an ekranoplane of the most known plane 
configuration or ekranoplane "carrying wing + tail assembly" due to 
its high tail. Therefore the tail assembly of any form located 
near to a longitudinal axis of ekranoplane is inadmissible, and 
any consoles are possible only under their sufficient 
displacement from this axis in a cross direction. All central part 
of ekranoplane deck should be practically flat for normal 
accommodation and movement of ASP. So, the configurations 
of ekranoplane-catamaran of «combined wing» and «tandem» 
are preferable. The ekranoplane of «combined wing» 
configuration with ASP displaced on its deck is shown in Fig.2.  

      
Fig. 2. Ekranoplane of “Combined Wing” configuration with 
ASP 
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The control system of ekranoplane should ensure its given trajectory 
and improve dynamic properties. Nonlinear character of 
interrelations between separate channels of altitude, pitch, velocity, 
roll and yaw of this system, intensive wind and wave disturbances, 
the necessity of a special mode of turning away from surface 
obstacles and many other features give specificity to a task of system 
development, though in the task statement the categories ordinary 
for the theory of automatic control are used. Great inertia of heavy 
ekranoplane-catamaran in course maneuvering forces to put it on the 
given line of a linear motion in advance and actively operate only by 
absolute velocity at approach and docking with ASP.  

5. ARRANGEMENT AND FUNCTIONING OF 
MECHANICAL MATING ELEMENTS 

The initial position of fuelled ASP on the ekranoplane deck has to 
be practically horizontal and close to the deck to reduce the 
aerodynamical drag during ekranoplane take-off and cruising flight 
to the area of ASP launch. At the moment of ASP engine switching 
on, the ASP must receive the attack angle around 15º (Nebylov and 
Tomita, 1998) and some space between the engine muzzle and the 
ekranoplane deck. That means that ASP centre of gravity is elevated 
for approximately 10m and, probably, the whole ASP is shifted a bit 
back to locate the engine muzzle in the free space.  

Such initial elevation of ASP could be provided by rather powerful 
mechanism, which applies lifting force at the area of ASP centre of 
gravity. It may be the extensible hydraulic column that could 
produce the force in 5000 kN and to be rather stable against 
longitudinal aerodynamic force applied to ASP due to ekranoplane 
motion. Practically this column has to carry the ASP weight minus 
aerodynamic lifting force of ASP wing. The main part of starting 
ASP weight is the weight of fuel. Hence, it appears that ASP has to 
take aboard the significant part of fuel shortly before launch, when 
the lifting force of ASP wing increases due to the maximum velocity 
of ekranoplane. This requirement is in accordance also with another 
demand - not to keep fuel in the tanks of ASP during a long time, as 
ASP could not be equipped with such perfect cryogenic facilities as 
accessible aboard ekranoplane.  

Another important requirement to the undocking mechanism 
consists in minimal disturbed forces and moments applied to ASP at 
its disconnection with ekranoplane. The ASP weight must be 
balanced by its wing lifting force. Any turning moments in the 
longitudinal plane must be cancelled out by the right deflection 
angles of the elevator and flaps. That is a reason for the ASP attitude 
stabilization system to be switched on before the launch. ASP 
engine thrust has to balance approximately a drag force. So, ASP 
engine has to be switched on also before ASP disconnection with 
ekranoplane.  

Taking into account the listed above requirements, the arrangement 
and location of mechanical mating elements for connection and 
disconnection of ASP with ekranoplane can be drawn out as it is 
shown in Fig. 3.  

 

 

Fig. 3.  Arrangement of mating elements 

The central extensible column CC is the main facility at ASP 
launching procedure. It is deeply buried into ekranoplane body 
during ASP transportation to the launch area, but arises at maximal 
height of around 10m before ASP undocking. This column assign 
consists in applying the initial lifting force to ASP before the wing 
could carry the necessary load, and in opposing the ASP 
aerodynamic drag before the engine switches on. It is not necessary 
for CC column to manage the ASP pitch. Directly before undocking 
this function will belong to ASP flight control system. But for preset 
ASP the initial angular position and partly for help the CC column in 
the carrying of load, two or three other connecting elements will be 
used. For example, it could be a nose column NC and two tail 
columns TC1 and TC2. NC is located on the central line in a 
forward part of the Ekranoplane deck. Tail columns (TC1 and TC2) 
are located symmetrically to the right and left of the central line in a 
stern part of the Ekranoplane deck. The points of an arrangement of 
columns NC, TC1 and TC2 from a triangle similar to the one used 
in constructing of the three-point undercarriage for typical aircraft. 
These columns may be used not only at ASP launch, but at landing 
also. That is why these columns must have high speed of response, 
but are designed for rather small longitudinal and vertical loads up to 
200kN. 
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In difference from all other columns, column NC can move in a 
horizontal plane, to both of lateral direction and longitudinal 
direction in a range of 3-5m. The movement is provided by a special 
fast-acting automatic control system, using signals of ASP relative 
motion measuring unit (see item 8). 

6. REQUIREMENTS TO AUTOMATIC SYSTEMS AT ASP 
DOCKING WITH EKRANOPLANE 

First of all it should be stated that the docking of two winged 
vehicles is a very infrequent theme of investigation presently (Fehse, 
2008; Magill, 2002). An approach of airplanes for aerial refuelling is 
the related problem which is practically solved, but without full 
automation. That is why we will proceed mainly from our own 
knowledge on the problem and our previous scientific results on the 
docking process.  

The landing of ASP may include six stages, each of which should be 
supplied with the appropriate opportunities and characteristics of 
navigation and motion control systems of both crafts: 

- Choice of a point and time of landing in view of an opportunity for 
ekranoplane to arrive in the specified point in time, and the 
calculation of the trajectory of ASP descent. 

- Fulfilment of standard operations of ASP entrance into atmosphere 
and braking up to subsonic speed. 

- Coordinated control of ASP absolute motion and ekranoplane 
absolute motion with the purpose of maintenance of their mutual 
close parallel motion with a difference of altitudes about 200m and 
mutual mismatch in horizontal plane no more than 100m. 

- Relative motion control system loops closure and reduction of 
mutual mismatch of two craft in horizontal plane up to several 
meters and further – up to 2=1m, reduction of difference in their 
flight altitudes up to 3-5 m at the expense of ASP descending. 

- Engaging the mechanism of docking, exact positioning of mating 
elements by a special quick-response automatic system, the mating 
(partial or complete), the attracting of ASP to ekranoplane. 

- The completion of ASP docking with ekranoplane, centering of 
ASP at the landing deck of ekranoplane, blocking of mating 
elements,  ekranoplane returning to the port. 

At a stage of ASP leaving the orbit, ASP exact angular orientation 
with errors of no more than several angular seconds is important for 
correct formation of a brake pulse, which shows the appropriate 
requirements to gyro systems and astrotrackers.  

At a stage of aerodynamic brake the inertial system should keep the 
correct information on angular orientation and supervise a trajectory 
of motion, not admitting accumulation of too large errors in 
definition of position to the moment of the beginning of GPS 
receiver functioning. After ending of this stage the trajectories of 
rapprochement of ASP and ekranoplane should be synthesized in 
view of estimations of their actual positions. For this purpose it is 
necessary the switch on and the further continuous work of the noise 
proof radio channel for data exchange between ASP and 
ekranoplane, uniting their control system in an integrated complex. 

At a stage of ASP and ekranoplane rapprochement the high 
accuracy of definition of coordinates (at a level 2=50-100 m) of 
both flying crafts in Earth frame and body frame, is necessary. The 
main contribution to its maintenance should give GPS.  

At a final stage of ASP and ekranoplane docking, the high accuracy 
of holding a difference of linear coordinates on all three axes is 
required within the limits of shares of meter and difference of speeds 
- within the limits of shares of m/sec. Besides, in this case it is 
required a precision (within the limits of 20") of stabilization of 
pitch, roll and yaw of both flying craft. On the stage of direct 
approach  (before contact) movement of both craft should be close 
to synchronous flat-parallel. At low power of the landing engine, it 
is possible to ensure such a mode only within the limits of a short 
time interval, in this connection the mating system should be rather 
high-speed. 

According to the fulfilled researches, the most suitable method of 
taking the information on parameters of linear and angular relative 
motion of two wing crafts at approach and docking is the use of 
digital television optical navigating system. It may include three or 
four cameras of infra red range placed on a deck of ekranoplane. 
They must control overhead hemisphere from various points of 
ekranoplane deck. Such a natural property of the alighting ASP as 
high temperature favors the functioning of infra red cameras which 
will ensure contrast ASP image irrespective of weather and daylight. 
A dominance of solar flare may be abated by appropriate filters. 

As “features areas” in processing of ASP image it is advisable to use 
the selvages of its wing and nose as having the most considerable 
infra red radiation among all the elements bordering on cold 
surrounding medium, namely ensuring a good contrast. It is also 
important the large value of base-line corresponding to denoted 
elements that raise the accuracy of measurement of the angular 
parameters of ASP relative motion. 

It is expedient to place cameras on the deck directly under the 
above-mentioned “features areas”. They will allow to enter 
continuously in computer processing system a sequence of the input 
images with the resolution of the order 640x480 and higher, depth 
of color of 8 bits (265 colors) and frequency of the frames more than 
20 frames/sec. In this case at a final stage of approach when ASP 
relative altitude becomes equal 5m the errors of relative motion 
parameters measuring will be not more than 2=10cm in horizontal 
plane, 2=10cm in altitude and 2=20' in angles. 

7. REQUIREMENTS TO EKRANOPLANE AND ASP FOR 
FEASIBILITY OF ASP LANDING 

The achievable maximal speed of large ekranoplane can be 
estimated in 600-650 km / hour, and the optimal landing speed of 
ASP lies inside the interval 400-550 km / hour. It is more than the 
landing velocity of «Shuttle» and «Buran» and permits to expect an 
extra high effectual steering of ASP at approach and docking with 
ekranoplane.  

Ekranoplane as the control plant should have a good stock of 
stability and react poorly to any variations of loading and other 
disturbing forces and moments.  

Important problem is the necessity of the ensuring of very high 
reliability of all technologies engaged at ASP landing. Minimization 
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of the probability of any failings on Ekranoplane which could 
prevent it to participate in ASP landing is required. Special 
investigations must give an answer to the question whether in such 
cases it is necessary to have spare Ekranoplane or should use the 
alternative variant of landing. 

The basic loading on ASP inertial means of navigation takes place 
on a stage of active aerodynamic braking in the top layers of  
atmosphere when the functioning of GPS receiver and other means 
of radionavigation is temporarily broken because of a plasma 
environment of the craft. 

8. PRINCIPLES OF MOTION CONTROL 

The system of a mutual motion control at craft docking has to be an 
automatic control multi-dimension digital system. It is clear that for 
arising the quality and reliability of control it is expedient to consider 
both crafts as elements of closed loops of such a dynamic system. A 
generalized scheme of the system is shown at Fig. 4. 

As it follows from the diagram, the docking process of ASP and 
ekranoplane must be operated under motion control complex which 
involves closed control loops for ASP and ekranoplane absolute 
motion with controlled values matrices ASP and EKR consequently, 
relative motion closed control loop with the controlled value 
matrices ASP  - EKR and an additional open loop channel for local 
shifting the docking element along and transversely landing deck 
with output coordinates matrix M. The correct interaction of these 
four interconnected multidimensional loops and control algorithms 
optimization in each controlled linear and angular coordinate is a 
complicated problem of analysis and modelling.  

The ASP absolute motion control loop for landing trajectory will be 
initiated by preparing the landing onto ekranoplane. The required 
landing trajectory is determined by synthesizer priory and described 
by the given functional matrix (t). The navigation system of ASP 
generates an estimation of an actual motion trajectory ASP(t). The 
residual (t) - ASP(t) is used in control law; it determines the action 
produced by steering mechanisms. A control law optimization 
allows to reduce a norm of the matrix (t) - ASP(t) and to provide 
the rather high accuracy in holding the required  landing trajectory. 
At the final stage of approach the errors of relative positioning may 
be within 2-3m, and the local positioning of matting elements 
(especially, nose element) could have reduced the errors to 30 cm.  

The ekranoplane absolute motion control system has to ensure the 
required trajectory of its flight to the point of ASP proposed landing, 
approach to this point from given direction at required moment of 
time, and the capture of ASP by the shot-range optic navigation 
system. The ekranoplane altitude at ASP landing must be strictly 
stabilized. Then the approaching of ASP and ekranoplane in vertical 
plane and lateral shift compensation will occur with a great influence 
of ASP and their approach in longitudinal plane can be corrected by 
ekranoplane speed control. At approach it is necessary to combine 
control on errors with control on disturbances.  

For data exchange between the separate spatially distributed 
elements of the complex of  automatic  relative  motion  control  the  

   
Fig. 4. The scheme of motion control complex 

special noiseproof radio channel with automatic criptosystem for 
encoding is necessary. This will expel the possibility of halting the 
system or unauthorized interference in control signals. At closing the 
relative motion control loop, the exchange by preliminary messages-
identifiers with electronic signature is accomplished in the first 
instance, and only after successful mutual identification the ASP and 
ekranoplane begin agreed controlled maneuvering. 

The ASP and ekranoplane relative motion control system becomes 
closed after their approach to small distance when infra-red video 
short-range navigation system that gives the high precision 
estimation of matrix elements ASP - EKR  can operate. This allows 
to improve considerably the accuracy of control errors 
measurements and to decrease that errors with no substantial control 
laws structure replace. The ASP lateral deflections from ekranoplane 
will be again suppressed generally by ASP ailerons and rudder at 
stable heading and minimal yaw; flaps and rudder of ASP will 
provide the required motion altitude and pitch angle correction at the 
fixed altitude of ekranoplane but ekranoplane will be able to check 
and control the relative shifts in longitudinal plane by means of its 
speed control. 

Notice, that the most unfavourable external disturbance for a loop of 
lateral deflections depression would be a pulse rush of wind in a 
cross head direction. But even in this case the error will be 
acceptable due to the following reasons: 
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- high landing velocity of ASP will make this impulse short and its 
influence will be decreased; 

- high landing velocity of ASP will increase the effectiveness of its 
aerodynamic control elements essentially; 

- a pulse of wind will influence both ASP and ekranoplane that 
decrease their relative shift. 

Objectively, the accuracy of ASP relative motion control at landing 
velocity of Mach 0.4-0.5 may be higher than one of ordinary plane 
motion control at landing on runway at half as much velocity. 

At the final stage of docking another additional relative control loop 
of mating element will be switched on. It is the open loop channel 
for control of local shift of the mating element. Operating 
simultaneously with control mechanisms mentioned above, it must 
process only high-frequency components of control signals 
increasing operating speed of entire system to significantly decrease 
control errors corresponding to matrix elements  ASP(t) - EKR(t) -   -
M(t). 

The optimization of all control loops engaged at docking has to be 
fulfilled on criteria of minimization of maximum control errors. The 
theory of ensuring of control accuracy (Nebylov, 1998) which uses 
the giving of nonparametric classes of disturbances, particularly 
limitation of numerical characteristics of disturbance derivatives, is 
suitable for this aim.  

9. CONCLUSION 

Future orbital ASP may definitely be fully reusable and has 
horizontal take off and landing like aircraft, providing single-stage-
to-orbit capability. Unfortunately, a single-stage-to-orbit ASP cannot 
be constructed at the near-term period of space launchers technology 
development. It is clear, that in the near future the concept of double-
stage or even three-stage APS configuration will be more viable 
than single-stage-to-orbit ASP. That is why some winged heavy 
vehicle has to be used as reusable booster and probably moving 
platform for landing. A heavy plane or ekranoplane could perform 
this mission.  

These two winged vehicles can be compared in their performance. 
The payload of the prospective launch system with ekranoplane 
could be three times greater against the system with the heaviest 
plane. Another advantage of ekranoplane consists in opportunity to 
implement the ASP landing without wheeled gear by docking with 
moving ekranoplane at the last stage of descent.  

In both cases of plane or ekranoplane application many specific 
problems have to be solved for implementation the proper co-
operative motion of ASP and moving winged platform, especially at 
their separation and possible approach.   

The problem of accurate and reliable control of relative motion is the 
key problem of ASP docking with ekranoplane. Perfect relative 
motion control is also necessary at separation of ASP and carrying 
platform. The laws of motion control should be optimized using the 
criterion of ensuring the necessary accuracy of control.  

The analysis of the requirements to control systems and their 
comparison with the existing nowadays prototypes allow to predict a 

technical opportunity of creation of all necessary components of 
onboard control systems in the near future.  

So, ekranoplane with a perfect control system can realize the 
progressive idea of ASP docking with other winged vehicle which 
could be considered as an additional stage of integrated space 
transportation system that allows ASP landing without gear. 

The different variants of APS configuration with horizontal launch 
and landing must be the subject of intent attention for researchers 
and designers.  
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