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Abstract 

The University of Kansas High Altitude Balloon System (HABS) uses a 

parachute for descent after release from the helium balloon. The parachute descent 

direction is not controlled and the HABS has to be recovered from its landing site by two 

chase teams that follow the HABS trajectory based on GPS downlink and unreliable 

predictions. Also, the landing site itself can be an undesired one. Water bodies, trees, 

highways are some of the undesired landing spots. Thus, a dedicated subsystem for the 

monitoring and control of the descent of the HABS is highly desirable.  

The Advanced High Altitude Balloon System (AHABS) uses a parafoil-assisted 

Controlled Landing Subsystem (CLS) to autonomously control the landing of AHABS at 

a predetermined site. The control algorithm corrects the trajectory for heading, crosswind 

and near-Earth features like vegetation, power lines, towers, houses etc. Here, the 

implementation of the heading correction algorithm is discussed. This simulation plots 

the trajectory of the vehicle after deployment of the parafoil taking into consideration 

different cross-wind velocities and headings. 

 A servosystem is used for changing the angle of attack of the parafoil during 

flight and to make crucial maneuvers. The guidance hardware, including the GPS, 

Differential GPS, digital compass and a microcontroller chipset, are used for acquisition 

of co-ordinates and other important data and to handle the operations of the CLS 

respectively. The flight software is stored on the microcontroller memory module. The 

manual control mode of the vehicle can be activated by command from the ground 

station. Finally, the CCTV camera cluster is useful in providing a visual window to aid 

the manual controller in guiding the vehicle effectively to safe landing. 
 iv



 

 The algorithm for the flight software is a generalized one and has been adopted 

for both the simulation program and the microcontroller program. The simulation shows 

the expected trajectory along with the ideal (no crosswind) and general (no correction for 

crosswind) trajectories. The error in the landing site can be determined from the resultant 

plots. 

 The Controlled Landing Subsystem will not only provide more predictable flight 

for the HABS but it can be used in several projects other than HABS. Future work in this 

area will open new vistas in the field of automated recovery of systems. 

 This work deals only with the heading correction part of the CLS and not the 

complete design. Here a computer simulation has been developed for predicting the 

descent of the vehicle using the CLS. The design of the entire system has not been done 

in this work. 
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1. Introduction 

 

The KU High Altitude Balloon System (HABS) project has been active since the 

spring of 2003 [1]. One of the main objectives of the HABS project was to develop a 

satellite-like vehicle and to test it on a weather balloon. This system of vehicle and 

weather balloon is known as the ‘BalloonSat’. The BalloonSat is capable of carrying its 

payloads, including scientific instruments, sensors and telemetry equipment to an altitude 

of ~100,000 feet above sea level and successfully operate these to collect pertinent data. 

The data can be retrieved either by real-time downlinked telemetry or storage. Different 

versions of HABS since the first prototype have been termed as Mark I through Mark 

IIIa. Flight experience resulted in a series of improvements and upgrades to the HABS 

Mark I (first flown in May 2003), resulting in the current HABS Mark IIIa (first flown in 

2005).  

 For the HABS modules from Mark I through Mark IIIa, the standard recovery 

method has been descent by parachute, GPS tracking, and chasing by ground vehicles. A 

flight trajectory prediction is made by the weather data for the launch day, using a 

program called Balloon Track[4]. As soon as the launch procedures reach a point about 30 

minutes before launch, Chase Vehicle 1 (CV1) starts its journey to the predicted landing 

site. It is followed by the Chase Vehicle 2 (CV2) after the HABS is launched. By using 

the real time GPS coordinates downlinked by the HABS, Balloon Track and Microsoft 

Map Point, the position of the HABS is tracked continuously. Eventually, both the chase 

vehicles reach the site and recover the HABS. 
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 This method of recovery has worked satisfactorily for HABS so far in 14 of 17 

flights (see Table 1.1). However it has its pros and cons. It is a simple method and the 

HABS does not have to depend on any type of onboard programming for landing. On the 

other hand, there is no control over the landing site location. It has landed at different 

sites: a corn field [2, 3], atop a tree, frontyard of a house and others. Figure 1.1 shows some 

HABS landing sites in the past. Needless to say there is a possibility of injuring someone 

or landing in unfavorable sites like lakes, power lines (narrowly missed in one of the 

flights), highways or communication towers. So it is highly desirable to develop a system 

that can control the path of the HABS during descent to guide it to a safe landing. 

               

Figure 1.1 HABS Landing Sites. Better to Worse. 

a) HABS 15,   b) HABS 10,   c) HABS 14 

The system designed for this thesis has a parafoil controlled by a microcontroller 

driven servosystem which will guide the HABS accurately to the landing site using a 

heading control algorithm. This along with other landing subsystem components will 

make the landing more predictable and even selectable. It will also save the effort, time 

and money involved in chasing the HABS. 
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Table 1.1: HABS Missions 

Flight Payloads Date 
Max. 

Altitude 
(km) 

Tracked w/ 
GPS 

Release 
Method Recovered 

HABS-1 Int./Ext. Temp 05/03/03 Unknown No Burst Yes 
HABS-2 Int./Ext. Temp 12/20/03 14 Yes Cutdown Yes 
HABS-3 Int./Ext. Temp 04/03/04 Unknown Partly Burst Yes 

HABS-4 Camera, 
Int./Ext. Temp 09/24/04 4.5 Yes Cutdown Yes 

HABS-5 Camera, 
Int./Ext. Temp 10/01/04 32.8 Yes Burst Yes 

HABS-6 Camera, 
Int./Ext. Temp 10/23/04 29.9 Yes Burst Yes 

HABS-7 KUBESat-1, 
Int./Ext. Temp 02/26/05 19.3 Yes Cutdown Yes 

HABS-8 
Student 
modules, 
Int./Ext. Temp 

05/01/05 10.7 Yes Cutdown Yes 

HABS-9b KUBESat-1, 
Int./Ext. Temp 06/25/05 26.7 Yes Cutdown Yes 

HABS-10 KUBESat-1, 
Int./Ext. Temp 09/17/05 28.8 Yes Burst Yes 

HABS-11 Int./Ext. Temp 10/22/05 28.0 Yes Burst Yes 
HABS-12 Int./Ext. Temp 11/05/05 28.1 Yes Burst Yes 

HABS-13 XBS cameras, 
Int./Ext. Temp 11/19/05 6.8 Yes Cutdown Yes 

HABS-14 
Student 
modules, 
Int./Ext. Temp 

05/06/06 30.3 Yes Cutdown Yes 

HABS-15 
XBS cameras, 
Int./Ext. Temp, 
AE721 avionics 

03/10/07 ~24 Yes Burst Yes 

HABS-16 
AE721 class 
prototype 
airplane 

04/28/07 28.3 Yes Burst Yes 

HABS-17 
AE265 class 
KRACSat 
module 

05/12/07 Unknown Partly Burst No 

 

HABS Mark IV will incorporate the Controlled Landing Subsystem (CLS) 

capable of guiding HABS autonomously to a predetermined destination on its journey 

down. This will be achieved using a microcontroller controlled parafoil-servomotors 

system. The maneuvers will be calculated by a dedicated microcontroller program using 

the real-time coordinates obtained from GPS receivers. The program will be fed with 
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multiple preferable landing site coordinates. The control algorithm decides upon the most 

preferable and feasible landing site depending upon the coordinates of the point of release 

of the parafoil.  

Appendix 1 contains the detailed MATLAB code for the simulation model. 

Various variables used in the code have been listed in Appendix 2. Appendix 3 gives 

some information on the actual design and construction of the AHABS. This consists of 

the different elements and components of the CLS, structure of the vehicle, hover 

subsystem and an avionics unit called the black box unit. Some project management 

documents like the Organization Chart, Work Breakdown Structure and Functional Flow 

Block Diagram have been discussed in Appendix 4. 

The most important function of the CLS is the control and maintenance of the 

heading of the vehicle. Hence the heading control model or the simulation for the vehicle 

is the most important element of the entire subsystem. The discussions in the following 

topics explain the development of such a model. The actual design of the subsystem is 

out of scope of this work and has not been dealt with here. However some considerations 

for the design of the subsystem have been mentioned in Appendix 3. But this is by no 

means an exhaustive design work and the scope is, more importantly, limited to the 

development of the simulation program. 
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2. An Overview of the Controlled Landing Subsystem 

 

The advanced HABS will involve many innovations, instruments and procedures 

for execution of the controlled landing operation.  

2.1 HABS Mark I thru HABS Mark IIIa 

This section introduces the techniques and methods used for tracking and 

recovery of the HABS vehicle from inception through to the existing version. 

2.3.1 HABS Flight Profile 

 The HABS flight profile consists of a steady balloon-assisted ascent until it 

reaches the burst (or cut-down) altitude.  

 

Figure 2.1: HABS Flight Profile 
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During the flight, the payload, with the HABS, performs any experiments or 

imaging as per the defined mission. At this point the balloon bursts (or is cut-down) and 

the descent phase of the HABS commences. Figure 2.1 shows the HABS flight profile 

plotted against the flight time.  

It can be observed that the parachute is not fully deployed as soon as the 

equipment is cut down from the balloon. The parachute becomes effective when it 

catches air after it has passed the jet stream and entered a steady and denser atmosphere. 

Finally, the HABS descends steadily with the help of the parachute. The descent phase 

appears to end at an altitude above the ground. This is because of the Loss of Signal 

(LoS) due to the geographic features near the landing site.  

2.1.2. HABS Procedures 

The following timeline (Figure 2.2) cartoon shows the different HABS flight and 

recovery procedures in the order they take place. 

 

 

Figure 2.2: HABS Recovery Procedures 
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To begin with a prediction of the HABS trajectory is made using the daily 

weather data from a suitable source. This prediction is accurate enough to give the 

direction in which the chase teams should advance to start with. As soon as the 

preparations at the launch site are completed and the Flight Director gives the directive to 

fill the balloon, the first chase team, in Chase Vehicle 1 (CV1), sets off in the predicted 

direction. The remaining team members continue filling the balloon. Once the balloon is 

filled and the HABS assembly with the payload is completed, the main power switch of 

the HABS is turned on and the balloon assembly is let to rise to about 50-100 ft. 

restrained with tethers. This tethering permits for running a final check to verify if all the 

systems on the HABS are working. 

Once all the checks are successfully completed, the Flight Director gives a 

LAUNCH command. The balloon vehicle is launched by releasing the tethers. After the 

launch, the second chase team departs in the Chase Vehicle 2 (CV2) in the same 

predicted direction.  

En route to the predicted landing site, both the chase teams continuously receive the real 

time GPS coordinates from the HABS. These are used to plot the actual trajectory on a 

map of the area using Balloon Track and Microsoft Map Point software. These can also 

be used to make a new prediction of the landing site. The chase vehicles make corrections 

in their driving directions accordingly. The Balloon Track software is capable of making 

prediction on the basis of the maximum altitude reached, if the balloon was cut-down or 

it burst, the descent speed with the parachute deployed etc. 

Finally, CV1 and CV2 team members reach the final landing site and recover the 

HABS [2, 3].  
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2.1.3 Balloon Track 

Balloon Track is shareware software that was programmed to predict the 

touchdown location of balloon assisted vehicles like the HABS. The wind prediction data 

input into the program is normally taken from online weather data sources. These data are 

then processed by the software and a predicted track is projected on the map of the city 

and local region. 

Balloon Track takes into account the burst altitude and accordingly projects the 

landing site using the wind data. It works in conjunction with Microsoft Map Point to 

project the trajectory on the map. It also allows the user to open live updates in position, 

velocity descent rate etc. of the balloon vehicle. 

The output formats that data are available from this software are APRS, Comma 

Delimited, Flight Prediction, Google Earth KML File, GPS File, GPS Visualizer 

(website), Ozi Explorer, Street Atlas, Topo50 and UI-View Overlay [4]. 

2.1.4 HAM Radio and GPS 

The GPS receiver antenna is attached on the outside of the HABS. The GPS board 

inside the HABS is a circuit for providing power to the receiver and to act as a data 

exchanger between the receiver and the HAM radio. The GPS readings are fed into the 

HAM radio which has the instructions from the microcontroller about which data units 

have to be filtered out from the actual GPS data packet. The filtered data are grouped by 

the microcontroller board and downlinked using the HAM radio.  

The HAM radio receivers on the ground are tuned in at the same frequency as that 

of the HAM radio transmitter in the HABS. Receivers are set up, one each, at the 
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stationary Ground Station (in Nichols Hall at the University of Kansas), CV1 and CV2. 

The receivers are hooked up to computers and are read directly by Balloon Track which 

does the rest. CV1 and CV2 also have a transmitter each for uplinking commands to 

HABS. 

2.1.5 Parachute 

HABS has been using an 8 ft diameter spherical parachute in all flights since 

inception through HABS Mark IIIa. This parachute provides a steady descent rate. But 

there happens to be no simple way to control this type of parachute. So the final 

trajectory of this vehicle after the deployment of the parachute can only be predicted with 

the help of the wind aloft data and tools like Balloon Track. The resulting prediction is 

not accurate and the actual landing site may be (and usually is) miles from the landing 

site predicted at the start of the descent! 

2.2 AHABS 

 In this section a brief overview of the required landing system and approach is 

described.  

2.2.1 AHABS Flight Profile 

 The ascent phase of the AHABS essentially is the same as that of HABS and it 

takes place with the aid of the helium filled balloon. This steady ascent continues until 

the AHABS reaches the hovering altitude. At this altitude, the hover subsystem 

(described in Appendix 3) is activated and the vehicle hovers maintaining the altitude 

within a predetermined dead-band. During this hover phase, various experiments are 
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performed as required by the mission. After the experiments are completed and the 

mission objectives are achieved, the descent phase of the AHABS commences. Figure 2.3 

shows the flight profile of the AHABS. The descent phase begins with a parachute which 

stabilizes the descent and hence providing a steady descent velocity for the parafoil and 

the Controlled Landing Subsystem. At a lower altitude, the parafoil gets deployed and the 

controlled autonomous descent of the takes place. 

 

 

Figure 2.3: AHABS Flight Profile 

2.2.2 Landing Technique 

The new Advanced HABS (AHABS) will use the technique that is used in 

parasailing, in which a rectangular canopy (parafoil) is used and the parasailer changes 

the angle of attack. This will be done in the HABS by using operational lightweight 
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servos. The direction and flight path angle will be fixed by considering the coordinates 

and the angular heading at the current position.  

There will be total control on the path of the descent of the parafoil. Thus there 

will be no need to predict the trajectory of the vehicle after the deployment of the 

parafoil. We will study the entire design of this technique in the next chapter. Here we 

will study some of the elements that go into this system and some basic operations that 

will be helpful for understanding the further topics [5]. 

2.2.3 Parafoil 

A parafoil is a nonrigid (textile) airfoil, designed with an aerodynamic cell 

structure which is inflated by the wind. Ram-air inflation forces the parafoil into a classic 

wing cross-section that generates lift. Parafoils are most commonly constructed out of 

rip-stop nylon.  

 

 

Figure 2.4: Parafoil  

It is a canopy in the form of rectangular wing in which the upper and lower surfaces are 

held in place by ribs. Due to airfoil-like cross-section, a parafoil has a good aerodynamic 

shape and good maneuvering capability. A typical Parafoil is shown in Figure 2.4. 
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 The air flow into the parafoil comes more from below, than the front, as might be 

expected, so the front ropes tow against the airflow. When gliding however, the angle of 

attack is lowered and the airflow meets the parafoil head-on. This makes it difficult to 

achieve an optimum gliding angle without the parafoil deflating. 

Parafoil is not the only decelerator used in precision airdrop systems. Many 

different aerodynamic decelerators including round parachutes cluster, glide parachutes, 

or hybrid systems. Cluster of round parachutes is a compound decelerator consisting of 3-

5 round parachutes. The control on the descent direction is achieved by deforming the 

shape of a particular parachute in the cluster by a fixed amount using special pneumatic 

tubes. A steerable hemispherical parachute has a “T-U cut” to allow air to escape from 

the back of the canopy. This gives the parachute a limited amount of forward speed and 

the ability to steer the parachute. To slow down for landing, the parachute must be 

steered to face into the wind to slow down the horizontal speed. Hemispherical 

parachutes have a drag coefficient range of 0.62-0.77 and are chosen for good 

performance. Glide parachutes can have a slider which is a small piece of fabric with a 

grommet near each corner. Collections of lines run to the risers through the grommets.  

When the parachute is deployed, the slider goes down near the risers and reduces the rate 

at which the lines can spread, thus giving a soft opening to the parachute. The drag 

coefficient range of the glide parachute is 0.75-0.85. Hybrid system employs a parafoil 

for most of their flight but closely above the target point, it deploys a round parachute. 

Thus the final descent of this type of systems is uncontrolled. 

Parafoils enable for releasing the loads with a large horizontal offset thus ensuring 

a soft landing. Parafoils provide a precision landing as they can be controlled from the 
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point of deployment through the terminal landing phase. Parafoils can be used to do 

precision maneuvers as they have high glide ratios and develop a finite amount of lift due 

to their structure. Parafoils have to be flared, which is analogous to stalling as with 

aircraft, just before the final landing. This decreases the airspeed of the parafoil and 

enables a smooth landing. 

In the case of all the alternative precision airdrop methods, the flare maneuver is 

not required thus making the control system less complicated. However, apart from this 

advantage, these systems do not have any significant advantages over parafoil systems. 

The operation of the cluster of round parachutes is very complicated and often required 

accuracy is not achieved. Also the compressed air cylinders and special pneumatic tubes 

make the system heavier and more expensive. For glide parachutes, when the angle of 

attack is lowered, the airflow meets the glide parachute head on.  Because of this, it is 

difficult to achieve a desired glide angle without the parachute deflating. In case of 

flaring the descent rate of the parachute increases and a hard landing results. Down wind 

landing is normally a hard one as these have a small glide ratio and less release point 

horizontal offset capability. Hybrid systems employ smaller gliding parafoils as landing 

is not a priority and deceleration is given lesser importance. But due to a parachute(s) 

being employed in the final stage, the accuracy of landing is decreased [6]. 

2.2.4 GPS Unit 

The GPS unit consists of a GPS receiver and a Differential GPS (DGPS). The 

DGPS determines the heading direction and the correction angle required to reach the 

target landing site. The coordinates from the GPS receiver and the DGPS form the output 
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of the GPS unit. This output is then fed into the Servo Control Unit after refining and 

processing in the microcontroller unit. 

2.2.5 Microcontroller Unit 

This unit is basically similar to the one in the HABS Mark IIIa but with a higher 

computing power and a different code of operations. Higher computing power is required 

in order to handle the code which takes inputs from the GPS unit and processes them to 

produce a signal to drive the servo control unit. 

2.2.6 Servo Control Unit 

The Servo Control Unit consists of two servomotors, a micro-controller unit and a 

control program. The coordinates from the GPS unit are inputs to the control program. 

The program then controls the servomotors through the Microcontroller unit. The 

servomotors, through accurate amount of rotation on them, help maneuver the parafoil [7]. 

2.2.7 Radio Receiver Unit 

The Radio receiver unit is required for the manual control of the vehicle when it 

comes in sight and has a potential danger of landing or getting entangled in obstructions 

like buildings, trees, power lines, bushes etc.  

The radio receiver unit will consist of a radio controlled switch onboard and a 

joystick transmitter at the ground station. When the appropriate command is given using 

the joystick, the control will be switched from the microcontroller to the joystick. The 

same servos can be operated using the joystick and a manual maneuvering of the vehicle 

can be done. 
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2.2.8 Wireless Cameras 

To aid the manual control of the vehicle, four wireless cameras will be arranged 

in the vehicle so as to give the operator a better view of the landing site and surrounding 

topology. 

The wireless cameras will normally stay off during the flight and will be switched 

on once the joystick control switches to manual control. Only then will these cameras 

start transmitting the feed which will be acquired and processed by the wireless receivers 

at the ground station. 

2.2.9 Ground Station 

The ground station has wireless receivers that receive the video feed downlinked 

by the cameras onboard, a television set to display the video feed and joystick transmitter 

for the manual control of the vehicle. 

2.2.10 Parafoil Dynamics 

 The aerodynamics of a parafoil can be explained for a parafoil in flight as shown 

in Figure 2.5 below. Here, the Z-axis, ZP of the parafoil is shown to be passing through 

the point O. This is a point at a distance of quarter chord from the front tip on the parafoil 

keel. The pitching moment, MY, has also been shown to be acting about point O. It is a 

general practice to consider deflections of a wing on the outer span of a wing [8]. It has 

been mentioned by Madsen and Cerimele [8] who describe the total flyable stroke of the 

command lines or deflection of the flaps as ‘stall stroke’. Stall stroke does not necessarily 

mean aerodynamic stall. It is the angle of attack which makes the parafoil to crumble and 

collapse. 
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The wind velocity, VW, produces lift and drag forces on the parafoil. The angle θ 

and θR are the parafoil pitch angle and parafoil rigging angle respectively. The pitch angle 

is the angle is the angle made by parafoil X-axis, XP, with the local horizon. The angle of 

attack of the parafoil is given by α and the total flight path angle is given by γ. The flight 

path angle is the angle between the local horizon and the wind velocity, VW, or the 

direction of descent. 

 

Figure 2.5: Aerodynamics of Parafoil in Flight 

Thus, 

 Rγ θ θ α= + +  (2.1) 
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Thus, the angle of attack and the glide slope or flight path angle are related to each other 

as 

( R )α γ θ θ= − +  (2.2) 

Out of these angles, the parafoil rigging angle, θR, is constant and is fixed at the time of 

the construction and rigging of the parafoil. The standard lift-to-drag ratio of a parafoil is 

not constant as the amount of the lift and drag forces on the parafoil vary with change in 

the flight path angle. However, empirically, 

(2.3 3.5L to= )D  (2.3) 

Other variables are valid for a completely inflated parafoil and are normally provided by 

the manufacturer or these can be obtained from various tests to be performed on the 

parafoil. The range through which the angle of attack of a parafoil can be changed is not 

very significant and depends largely on the filling of the parafoil. The parafoil gets filled 

up with air, so in absence of air it crumbles and fails. For angles of attack below -7º, the 

parafoil collapses. For angles above +12º, parafoils start to stall and operation beyond 

this point is not recommended. Also beyond these angles, large turbulent wakes are 

developed near the parafoil thus increasing the drag on it. Also, above these angles, the 

projected area of the parafoil decreases, hence decreasing the lift on it. Thus, the 

recommended range for a parafoil for safe operation is -7º to 15º with respect to the 

horizontal [9]. 
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2.2.11 Turn Maneuver by a Parafoil 

A parafoil deploys to a canopy shape that generates lift in its forward direction. 

Steering left and right is provided by control lines that pull down either side of the 

parafoil using actuators suspended well below the canopy, near the payload.  

Often the system will have to do a turn maneuver in order to change its direction 

of descent so as to correct its heading. This turn maneuver is shown in Figure 2.6Error! 

Reference source not found. where  the right spool rotates through some measured 

angle and the vehicle takes a turn to the right side. This spool remains in this position, 

with the suspension lines wound around it, while it comes down along a helical path till it 

obtains the desired heading. The helix angle, radius and the pitch of this path is either 

estimated or assumed. The following discussion gives the procedure to determine these 

parameters.  
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Figure 2.6: Turn Maneuver 

The parafoil descent velocity increases during the turn maneuver due to decrease 

in the lift. The feedback for this turn maneuver is provided by the GPS and DGPS 

coordinates which are used in recalculating the instantaneous heading.  

The direction of heading of the vehicle is random when the parafoil is deployed. 

This direction might not necessarily be true with the desired descent direction. A 

correction in the direction is computed from the GPS and DGPS coordinates. This turn 

maneuver is actuated by rotating a spool on a servo in the servosystem. The servo on the 

side to which the turn is to be taken is rotated through a metered angle calculated on the 

basis of the geometry of the parafoil. The geometry of the turn maneuver is shown below 

in Figure 2.7. 
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The parafoil, in this maneuver, slips into the wind and the descent speed 

increases. Changing the angle of attack of the parafoil changes the lift on the parafoil. 

Changing the angle of attack so as to increase the lift on the parafoil can decrease the 

descent rate of the parafoil and a fairly constant descent rate can be achieved.  

 

Figure 2.7: Mechanics of Turn Maneuver 

The helix angle and radius of the helical path shown above are computed and the 

servos are rotated accordingly. When the turn maneuver is completed and the desired 

heading is achieved, the servo is rotated again in the opposite sense but equal amount as 

before. After this the parafoil again makes a steady descent. 

The pitch of the turn helix is fixed according to the descent desired during the 

maneuver. The radius of the descent helix is calculated from the coordinates of two 

points between which the maneuver is to be done. If the coordinates of the two points are 

not available or the radius is not very important, it is approximated as some convenient 

number. 
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1, tan
2

phelix angle
r

α
π

− ⎛ ⎞= ⎜ ⎟
⎝ ⎠

 (2.4)  

where,   ( )p pitch of helix assigned according to flight conditions≡

( )r radius of helix calculated or assigned≡   

In Figure 2.8, OPRS shows the normal 

position of the parafoil during a straight line 

cruise. OQRS shows the position after the 

rotation of the spool for performing the turn 

maneuver. The length of arc PQ is given as 

follows. 

arc PQ b α= ×  (2.5) 

Figure 2.8: Angle of Rotation for Spool 

For larger values of ‘l’, the average length of the suspension cords, the following relation 

holds true. 

'l l b α− ≈ ×  (2.6) 

where,  

( )

' (

l average length of the suspension cords normally

l reduced length of the suspension cords while turning

b span of the parafoil

≡

≡

≡

 
)

The length of the cord rotated on the spool is hence, 'l l− . This is also the arc through 

which the spool rotates to produce the required turn maneuver. 
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Then, 
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l l b
r r

αθ
⎛ ⎞ ⎛− ×
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⎝ ⎠ ⎝

⎞
⎟
⎠

 (2.7) 

where, 

s

s

r radius of spool on the servo

angle through which the spool is rotated for the maneuverθ

≡

≡
 

The microcontroller gives a pulse to the servo control system which rotates the 

respective servo through this angle. Once this turn is completed and the required heading 

is achieved, the microcontroller gives another pulse to rotate the spool in the opposite 

direction through this angle so as to unwind the wound suspension lines. 

2.2.12 Angle of Attack Change Operation 

The maneuver to change the angle of attack of the parafoil is simpler than the turn 

maneuver. Another spool and servo are included in the servo system which is dedicated 

only for changing the angle of attack of the parafoil. 

This spool rotates to wind or unwind additional suspension lines which are 

connected to the aft portion of the parafoil. The winding of these lines lowers the aft 

portion and hence increases the angle of attack and vice versa. These lines are connected 

at multiple points on the parafoil. So on the winding of the spool the different sections of 

the parafoil are pulled simultaneously, thus making it behave like a rigid body.  

Figure 2.9 shows the process involved in this operation. Here only few suspension 

cords are shown at the aft and sides. These are indicative of all the cords and are meant to 
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avoid complications in representation. In reality, the parafoil has cords starting from 

points along its width, at different sections of the parafoil along the length. 

 

Figure 2.9: Angle of Attack Change  

This above figure shows that the tertiary spool rotates, to wind the suspension 

lines, for changing the angle of attack. By lowering the aft portion or raising it with 

respect to the front section, the angle of attack can be increased or decreased respectively. 

The governing calculations remain similar to the ones involved in doing a turn maneuver 

given by equations 2.1-2.4.  

2.3 CLS Architecture 

 The System Architecture is a schematic chart of the entire subsystem showing all 

components and general working of the subsystem. The System Architecture for the 

Controlled Landing Subsystem is shown below. The Different components and the 

general flow of commands according to hierarchy have been shown. The System 

Architecture explains these with reference to the operation of the Controlled Landing 

Subsystem. 
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 The vehicle starts receiving the signals from the GPS satellites as soon it is 

deployed. This GPS data consists of the information regarding the position, descent rates 

etc. The microcontroller code filters the required data from the available data packet. 

These coordinates are then run through the microcontroller code for the general operation 

of the subsystem. The descent algorithm is continued until the vehicle gets to an altitude 

of 2500 feet above ground level. After this point the low trajectory maneuver is 

performed. This maneuver decreases the altitude of the vehicle to about 1000 feet above 

ground level. After this point the remote control signal is uplinked from the Ground 

Station to the vehicle for further descent with manual control. The CCTV cameras also 

transmit video feed below 1000 feet. 

 The Ground Station consists of the Mission operations and controls and operator 

controls including the TV to watch the CCTV video feed and the remote control 

equipment of the terminal landing phase.  

 Finally, the vehicle is recovered from the landing site. Error! Reference source 

not found. shows the System Architecture for the advanced HABS. 
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Figure 2.10: CLS Architecture 
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3. Literature Review 

 

The High Altitude Balloon System (HABS) project is one of the many prominent 

researches going on at the University of Kansas [1, 2, 3]. Many universities and agencies are 

involved in similar projects (i.e. balloonsats) with minor differences. Some universities 

experimenting in this field are in their early stages while some have made forays in the 

autonomous landing area. The research at University of Kansas is a viable current project 

that has been active for four years. There is thus a lot of data and experience available 

from previous flights. The AHABS described here not only deals with controlled descent 

landing using a parafoil but also includes a CCTV video system and a manual mode for 

accurate non-eventful descent of the vehicle close to the Earth surface until final 

touchdown. There are many contemporaries to this project that are mentioned here. 

Commercially, a similar system is available under the brand name of Micro-

Onyx[10]. Manufactured by Atair Aerospace, Micro-Onyx is designed to deliver munitions 

and other payloads, deployed from UAVs or transport aircraft, at desired landing sites. It 

is operational from about 20000 ft over the Earth’s surface and can carry payloads of 

about 20 pounds. It uses a parafoil with an advanced control system. It has a dedicated 

algorithm to avoid mid-air collisions with other similar vehicles. But it does not have any 

manual control mode or a video system. So it lands blind near the pre-programmed 

landing site. 

A similar project was taken up at the Iowa State University with less ambitious 

goals. The Recovery Guidance System (RGS) at the Iowa State University proposed the 

development of an autonomous guidance system for the balloon assisted vehicle [7, 11]. 
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However, after conducting initial tests on the system, the work on the project stopped in 

2004. After that the work on the balloon vehicle has been restarted and will slowly 

graduate toward the inclusion of the RGS once again in their system in coming years.  

The research carried out for the NASA X-38 also deals with the autonomous 

guidance algorithm for the X-38 spacecraft, which was the prototype of the ISS Crew 

Return Vehicle. Though this project stands cancelled today, intense research was carried 

out under this project. As the payload was a huge spacecraft, the parafoil selected was 

also huge 4200 ft2 [12]. Some successful drop tests were conducted on this prototype 

before this project was cancelled due to discontinuation of funding. 

The Joint Program Airdrop System is a system being developed by certain 

Government Agencies and few other private institutions under the Natick Soldier 

Research, Development and Engineering Center (NSRDEC) management. Before a 

flight, accurate data for the atmospheric forecast is loaded in the system computer. The 

software is capable of deciding upon the accurate release point and release instant in the 

drop zone so as to reach the required target point. An equally powerful simulation 

program has been developed to acquire high-fidelity mission characteristics at the ground 

station. It has a dedicated Guidance, Navigation and Control algorithm to generate more 

accurate flight paths and maneuvers and also landing flare into the wind. This system is 

compatible with several other precision airdrop systems, thus making it a versatile and 

flexible precision airdrop system [13].  

The German Aerospace Center in Braunschweig, Germany [14] developed an 

algorithm called the T-approach for autonomous guidance technique for parafoils. This 

algorithm included the cross-wind effects and successfully tackled this problem. This 
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algorithm was based on the wind predictions and was not dynamic to react against 

unpredicted changes in the wind. But the algorithm gave satisfactory results with the 

predicted data. Here, along with the information about the cross wind, the aerodynamic 

properties of the parafoil were also considered in the extensive research. 

In addition to these, there have been studies carried out in this field at various 

levels. For instance, another algorithm was developed at the Naval Postgraduate School, 

although this was without any cross-wind effects [15]. However, multiple approaches were 

developed.  

At the University of Kansas the AHABS involves more ambitious goals. In this 

report, a simulation program for the Controlled Landing Subsystem will be developed. 

The components that go in the subsystem will be designed (or discussed). Convenient 

modifications in the simulation code so as to write a microcontroller code will be 

discussed. Finally, the results of the simulation will be provided leading to conclusions 

and future scope of this work. 

 

 

 

 

 

 

 

 28



 

4. Computer Simulation for Heading Correction in the CLS 

 

The Controlled Landing Subsystem is designed to autonomously guide a 

balloonsat vehicle to a predetermined landing site. A simulation was developed to predict 

the trajectory of the parafoil taking into consideration the cross-winds at different 

altitudes. The model used to develop this simulation is the same as would be used to 

develop the code for the control of the microcontroller functions in the operation of the 

Controlled Landing Subsystem. The same simulation program can hence be adapted to 

form a microcontroller program.  

4.1 CLS Model Parameters 

Following are the parameters in the simulation program model. This model starts, at 

the instant the parafoil is inflated and a steady descent rate is obtained. 

1. Initial Heading: The parafoil is fully deployed at a point called the release point. 

At this point, the parafoil has a random heading and is heading in a direction other 

than the actual desired direction. The GPS receivers and the control code measure 

this heading. The coordinates of the current position are also determined. The 

required heading is calculated from the current coordinates and the target point 

coordinates which are fed into the program before the launch. 

2. Heading Correction: The heading correction parameter involves the change in the 

heading direction by a suitable turn maneuver. A spiral turn maneuver is made so 

as to align with the required heading. The radius of this turn maneuver can be 
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arbitrary. The turn is made along a spiral, tangential to the initial path and the 

parafoil leaves this spiral tangential to it at the required angle. 

3. Steady Descent: At this point the vehicle starts a steady descent to the target point 

at the acquired heading. 

4. Cross-Wind Effects: The steady descent would take the vehicle directly to the 

target landing site. But this would be the case only in the total absence of any 

cross-winds. The cross-winds will tend to change the direction of the vehicle by 

making it to drift in the direction of the wind. 

5. Cross-Wind Corrections: The drift produced by the cross-wind places the vehicle 

in a position with a different angle in the X-Y plane, i.e. plane of the Earth 

Surface, subtended at the target with respect to any fixed reference point. So a 

turn maneuver is done so as to get it close to the path where this subtended angle 

will be equal to the required angle. This is done by applying a turn as soon as this 

angle goes outside a suitable dead-band. 

6. Direction Acquisition Maneuver: In this parameter the direction of the heading of 

the vehicle after the initial turn maneuver is checked and if different, a second 

turn maneuver is executed so as to align with the required heading direction. 

7. Looping: Events 4, 5 and 6 are repeated in the form of consecutive loops until the 

vehicle comes within a predetermined altitude from the Earth.  

8. Lower Altitude Spirals: Once the altitude mentioned in 7 is achieved, the vehicle 

leaves the looping phase and enters a spiral path with greater radius and lower 

descent rate. The events 4, 5, 6 and 7 would take the vehicle directly to the target. 

However, there might be some obstructions directly in the path of this trajectory 
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near the Earth’s surface. These include trees, power lines, buildings etc. So a turn 

maneuver is made tangential to the path and the vehicle enters a larger spiral. This 

larger spiral would also give ample time to the operator at the ground station to 

switch from auto mode to manual mode. 

9. Final Landing Phase: Once the larger radius spiral in step 8 brings the vehicle 

directly above the target point, the ground station can either maintain the auto 

mode operation or switch to the manual mode. Under the auto mode, the vehicle 

makes successive helical turn maneuvers, with a continuous reduction in the 

radius. Finally, the radius of the spiral comes under a certain predetermined value. 

This value depends upon the dimensions of the parafoil, the length of the 

suspension lines etc. These parameters put a limitation on the lowest radius that 

can be achieved. Once the radius closes on this limiting value, continuous helical 

maneuvers are done to decrease the altitude without decreasing the radius. The 

end of this phase denotes the touch down.  

This model leads to the actual development of the simulation program. The next 

topic discusses about the simulation environment, formulations, sample results, 

explanation of the results and some bugs in the program. 

4.2 Simulation of the Trajectory with the Controlled Landing Subsystem 

The simulation for the Controlled Landing Subsystem plots the trajectory of the 

parafoil which obeys the above model. The simulation consists of several mathematical 

algorithms and formulations, and will be dealt in detail in following sections. The 

simulation will be useful in estimating the approximate landing site of the vehicle. This 
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plot can be laid over a map with proper scaling and the trajectory can be plotted on a real 

map. If this vehicle is used for imaging the Earth from high altitudes, the imaging 

software can be programmed in such a way to take pictures of the required places when it 

is above the desired location. There can be multitude of applications of the simulation 

program. We will now consider the different features of this program. 

4.2.1 Simulation Environment 

The software tool used for this simulation is MATLAB. It was desired for the 

programming tool to have substantial mathematical computation capabilities. Since a 3D 

plot was to be plotted, the 3D plotting capabilities were also needed. Apart from this, 

necessary features for the code like Object Oriented Programming (OOP), Graphical User 

Interface (GUI) and universal programming techniques were also considered. MATLAB 

has good computation capabilities and has a dedicated toolset for 3D plotting [16, 17]. Also, 

the OOP nature, better GUI and simple and universal coding techniques counted in the 

favor of MATLAB. Hence it was decided to use MATLAB as the principle programming 

tool. 

4.2.2 Mathematical Algorithms and Formulations 

The mathematical formulations section includes the detailed derivations, 

calculations and assisting figures. 
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4.2.2.1 Inputs 

Figure 4.1Error! Reference source not found. gives the important inputs supplied to the 
simulation code. 
 

 
Figure 4.1: Inputs to Simulation Code 

1. alt: This is the approximate altitude at which the parafoil will be deployed fully, 

once the AHABS vehicle is cut down from the balloon. The unit is feet above the 

Mean Sea Level (MSL). 

2. distx: This is the distance in the X-direction at the point of full deployment. The 

unit used is feet. 

3. disty: This is the distance in the Y-direction at the point of full deployment. The 

unit used is feet. 

4. tgt: It is an array consisting of the position coordinates of the target landing site in 

feet. The x-coordinate is denoted as tgt(1), y-coordinate as tgt(2) ans z-coordinate 

as tgt(3). 
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5. adpt: This is the adaptation distance. Adaptation distance is the distance traveled 

by the vehicle before the GPS, DGPS and other instruments get the readings and 

are acquired for the first time. This time has been roughly estimated as a 30th of 

the altitude for the program. The point at which the vehicle has covered the 

adaptation distance is called adaptation point. 

6. hdng: This is the heading of the parafoil when it is released with respect to the X-

axis. 

7. g: This is the gravitational acceleration, assumed to be 32.19 ft/s2. 

8. c_w1 thru c_w5: The airspace from the release point to the target point is assumed 

to be divided into five bands with different cross-wind velocities in each. In each 

case, c_w indicates the cross-wind speeds. The suffixes 1 through 5 denote these 

five bands, 1 being the closest to the Earth’s surface while 5 being the farthest. 

9. w_ang1 thru w_ang5: These are the cross-wind angles with respect to X-axis 

corresponding to respective cross-wind speeds. 

4.2.2.2 Variables

Different variables are used in the simulation. The detailed list of these variables 

has been furnished in the list of variables in Appendix 2. 

4.2.2.3 Technique

The basic technique used in this simulation is morphing the motion of the parafoil 

under the given conditions. The different parts of trajectory are patched one after other to 

create a continuous path. The transfer from one type of motion to other, e.g. straight line 

to spiral takes place tangentially to the first curve.  
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4.2.2.4 Assumptions

1. The coordinate system of the flight envelope is aligned with X-axis pointing in 

the East-West direction, Y-axis in the North-South direction and Z-axis pointing 

toward Zenith-Nadir direction. 

2. The effects due to fluid dynamics effects like vortices, turbulence, instability and 

unsteady flow in the atmosphere are neglected. 

3. The velocity of the cross-wind remains constant throughout the designated 

velocity band. 

4. The change of velocity from one band to other is sudden and not gradual. 

5. All the systems have 100% reliability and the response times of the components is 

infinitesimal or zero. 

6. The cross-winds are assumed to have only horizontal components and no vertical 

component. 

7. The Earth is supposed to be flat (Flat Earth Assumption) as the distances dealt 

with are small compared to circumference of Earth so that x sΔ ≈ Δ where sΔ  is 

Earth’s surface arc distance in X-direction. 

4.2.2.5 Derivations and Equations

This section presents the detailed derivations of each aspect of the trajectory. 

1. Preliminary Computation

The preliminary computations include the formulations of the coordinates of the 

release point and some angles. 
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The coordinates of the release point (Figure 4.2Error! Reference source not found.) are 

given. 

( ) ( ) ( )1 2 , 3rpt rpt ,rpt rpt≡ ⎡ ⎤⎣ ⎦  (4.1)    

where, 

( ) ( )1 1rpt tgt distx= +  (4.2) 

( ) ( )2 2rpt tgt disty= +  (4.3) 

( ) ( )3 3rpt tgt alt= +  (4.4) 

 

Figure 4.2: Measurement of the Variable 'angle' 

 The variable ‘angle’ is the heading that is required for the parafoil to achieve after 

the turn maneuver. It is essentially the heading required to travel from the release point 

directly to the target point. 

1tan distyangle
distx

− ⎛= ⎜
⎝ ⎠

⎞
⎟  (4.5) 

Angle ‘γ’ is flight path angle (Figure 4.3Error! 

Reference source not found.) but is measured 

as shown in the adjoining figure. The formula 

used for calculating ‘γ’ is as follows. 

 

Figure 4.3: Measurement of Angle of Attack 
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( ) ( )
( ) ( )( ) ( ) ( )( ) ( ) ( )( )

1

2 2

3 3
sin

1 1 2 2 3 3

tgt rpt

tgt rpt tgt rpt tgt rpt
γ −

⎛ ⎞
−⎜ ⎟= ⎜ ⎟⎜ ⎟− + − + −⎝ ⎠

2
 (4.6) 

 

The straight line path of the parafoil from the release point to the adaptation point, 

projected on the X-Y plane is denoted as ‘l_adpt’ and is shown in Figure 4.4. 

( )
_

tan
adptl adpt abs

γ
⎛ ⎞

= ⎜⎜
⎝ ⎠

⎟⎟  (4.7) 

The coordinates of the adaptation point are 

( ) ( ) ( )1 1 _ cosx rpt l adpt hdng= + ×  

( ) ( ) ( )1 2 _ siny rpt l adpt hdng= + ×  

 ( )1 3z rpt adpt= −  

    (4.8 – 4.10) 

Figure 4.4: Calculation of ‘l_adpt’ 

2. Heading Correction Maneuver

This maneuver is a turn maneuver 

starting tangential to the initial direction of 

descent and terminating tangentially to the 

required heading. Here we intend to make 

almost two rotations. The scenario is shown 

in Figure 4.5Error! Reference source not 

found.. 
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Figure 4.5: Heading Correction Maneuver 

We assume the radius of this spiral path as  

1 0.50r adpt= ×  (4.11) 

       

Then the pitch of the same is given as  

( )(1 2 tan )p abs r aoa= ×  (4.12) 

The entry and exit angles of the helix to be used for plotting in MATLAB are given as  

1 1 5hdng and angleθ π φ= + = +π  (4.13, 4.14) 

This maneuver performs two complete helical maneuvers before ending it at the 

required heading. The plotting techniques and commands will be dealt with in further 

sections. We get the coordinates of the endpoint of the helix as 2x , 2y , . It can be 

evident that heading of the vehicle after this maneuver is different from the variable 

‘angle’ which was the originally required heading to reach the target. 

2z

 

3. No Cross-wind Condition

Ideally, in the absence of any cross-wind, the parafoil should continue its descent 

along this corrected heading until the 

target point. We introduce a check of the 

position of the vehicle every time it 

descends through some predetermined 

value of altitude. The coordinates of such 
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a point are thus given as follows as shown in Figure 4.6. 

       Figure 4.6: Intermediate Point with No 
Cross-wind Condition 

3 2 50
altz z= −  (4.15) 

( )( )
( )( ) (

2
3 2 3 2

2

1
3

tgt x
)x x

tgt z
−

= + −
−

z z  (4.16) 

( )( )
( )( ) ( )2

3 2 3 2
2

2
3

tgt y
y y z z

tgt z
−

= + −
−

  (4.17) 

 

4. Heading Angle After Correction

The heading angle of the vehicle after the correction is made is given as  

1 3 2
3

3 2

tan y yhdng
x x

− ⎛ ⎞−
= ⎜ −⎝ ⎠

⎟  (4.18) 

 

5. Time of Flight

The time of flight of the parafoil, from point [ ]2 2 2, ,x y z  to [ ]3 3 3, ,x y z  , can be calculated 

by analyzing the kinetics involved. The kinetic equations that are used for steady motion 

cannot be used in this case. This is because it is a motion with varying vertical 

acceleration. This acceleration of the parafoil continuously varies due to the drag force 

provided by it, which changes with the changing velocity of descent [18]. This motion 

occurs in the first few feet of descent. This is the time when the parafoil is not fully 

deployed and is getting deployed. 
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As a solution we consider a small change in velocity that takes place in a small 

time interval. This gives us the following differential equation. 

dv g kv
dt

= −  (4.19) 

 

where, 

2gravitational acceleration in ft/sg ≡  

instantaneous vertical velocity in ft/sv ≡  

2instantaneous deceleration due to parafoil in ft/skv ≡  

dv dt
g kv

∴ =
−

 

dv dt
gk v
k

∴ =
⎛ ⎞−⎜ ⎟
⎝ ⎠

 

dv kdt
g v
k

∴ =
⎛ ⎞−⎜ ⎟
⎝ ⎠

 

Integrating we get, 

ln gv kt
k

⎛ ⎞− = − +⎜ ⎟
⎝ ⎠

C  (4.20) 

where  constant of  integrationC ≡

Rearranging the terms gives 

kt C kt Cgv e e
k

− + −− = = e

V

 (4.21) 

At , where V is the velocity at the release point of the parafoil. This gives 0,t v= =
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CgV
k

− = e  (4.22) 

Substituting, 

ktg gv V
k k

e−⎛ ⎞− = −⎜ ⎟
⎝ ⎠

 

ktg gv V
k k

e−⎛ ⎞∴ = + −⎜ ⎟
⎝ ⎠

 (4.23) 

It can be observed that the equation for velocity of the parafoil has a negative 

exponential term involved in it. So the velocity would typically start with a high value of 

velocity V and decrease exponentially to some constant velocity after some time, which 

will be equal to the terminal velocity. We have designed the parafoil in order to get a 

terminal landing velocity of 15ft/s. Then at t = ∞ , we get 

t
t

gv
k v

= ⇒
gk =  (4.24) 

In this problem, 232.19g ft= s and 15tv ft s= . 

But we know that velocity is the rate of change of displacement. Then 

ktds g gV e
dt k k

−⎛ ⎞= + −⎜ ⎟
⎝ ⎠

 (4.25) 

Integrating we get, 

1 ktgt gs V e
k k k

−⎛ ⎞ C′= − − +⎜ ⎟
⎝ ⎠

 (4.26) 

At , which gives 0, 0t s= =

1 gC V
k k
⎛′ = −⎜
⎝ ⎠

⎞
⎟  (4.27) 

Hence, 
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(1 1ktgt gs V e
k k k

−⎛ ⎞= − − −⎜ ⎟
⎝ ⎠

)  (4.28) 

On separating the terms we get 

2 2 2 2

kt kt
ktgt Ve V ge g gt V g V gs e

k k k k k k k k k k

− −
−⎛ ⎞ ⎛= − + + − = + − − −⎜ ⎟ ⎜

⎝ ⎠ ⎝
⎞
⎟
⎠

 (4.29) 

Parafoil Velocity and Descent vs. Time
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Figure 4.7: Parafoil Velocity and Descent 

We analyze the velocity equation of the parafoil from the plot in Figure 4.7 for 

estimating the time after deploying it, when it reaches the speed of 15 ft/s. It is observed 

that the velocity of the parafoil stabilizes to this value after nearly 2.5 seconds. Since our 

adaptation distance is fairly large, this phase of instability is passed during the descent to 

the adaptation distance. Thus, when 2.5 secondst = , 0kte− ≈ . Hence in further 

calculations, it will be reasonable to use the value of 15k g=  per second. 

Then as v g k= and v s tof= , tof being the time of flight, we can say that, 
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sktof
g

=   

This time of flight is that for a straight line of motion. But this can be applied to 

the curved paths by finding the length of the curve. In case of the helix the length of the 

helix will have to be calculated rather than the plan length of circular arc. 

6. Error Due to Cross-wind 

The estimation of error due to cross-wind results directly from estimation of the 

new position due to the effect of the cross-wind. This is done by calculating the 

displacement due to the cross-wind in the direction of the wind and in the time of flight 

calculated as shown in Figure 4.8. The components of this displacement, added to the 

ideal coordinates, give the new position of the 

vehicle.     

 In this program we introduce five 

different bands of cross-wind conditions, each 

distinct from the others. However, the procedure 

of estimating this error is the same for all. The 

following formulas give this procedure. 

                     Figure 4.8: Error Due to Cross-wind 

To begin with the coordinates of the point where the parafoil would be without 

the wind are estimated as in the step 3 above. 

The initial point is suffixed with 2n and this ideal point is suffixed with 3n. Then 

the complimentary angle of the flight path angle at this point is calculated as 
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( ) ( ) ( )
1 2 3

2 2
2 3 2 3 2 3

cos n n

n n n n n n

z z

x x y y z z
ξ −

⎛ ⎞−⎜ ⎟=
⎜ ⎟− + − + −⎝ ⎠

2
 (4.30) 

Then the displacement while traveling from point 2n to 3n is 

( )2 3

cos
n nz z

s
ξ

−
=  (4.31) 

giving the time of flight, 

sktof
g

=  (4.32) 

Then the errors introduced due to the cross-wind is given by 

( )coscorr windx c tof w_ang= × ×  (4.33) 

( )sincorr windy c tof w_ang= × ×  (4.34) 

where cwind is the speed of the cross-wind selected from the values c_w1 thru c_w2, which are 

the inputs, according to the band in which the parafoil is present. Similarly, w_ang is the cross-

wind angle for that band. There is no correction in the Z-direction as the winds are assumed to be 

blowing in the X-Y plane exclusively for each band. Then the coordinates of position of the 

parafoil due to these errors are given as:  

3 3c n corrx x x= + ,  3 3c n corry y y= + ,   z z3 3c n=  (4.35 – 4.37) 

7. Error Check 

In step 6 we calculate the error. But just estimating 

the error is insufficient. The path has to be corrected 

and the correction has to be applied when the error 
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grows beyond a certain limiting value. Refer to Figure 4.9.      

Figure 4.9: Error Check 

Here we calculate the angle subtended by a point, on the ideal trajectory, at the 

target point with respect to the X-axis and compare it with a similar angle subtended by 

the corresponding erroneous point. Figure 4.9 explains the details of the angles. 

Following formulas give the error in the position.           

The distance of a point on the ideal trajectory, i.e. ideal point, from the target 

point when projected on the XY-plane is given as 

( )( ) ( )( )2
3 3 31tgtmag x tgt y tgt− = − + −

2
2  (4.38) 

Then the angle made by the line joining this point with the target point with the X-axis is 

given as 

( )31
3

3

1
cos

tgt

x tgt
mag

α −

−

⎛ ⎞−
= ⎜⎜

⎝ ⎠
⎟⎟

)

 (4.39) 

Similarly find the angle made by the line joining the corresponding erroneous point (the 

error occurred due to the cross-wind) and the target point with the X-axis. 

( )( ) ( )(2
3 3 31c tgt c cmag x tgt y tgt− = − + −

2
2  (4.40) 

which gives 

( )31
3

3

1
cos c

c
c tgt

x tgt
mag

α −

−

⎛ ⎞−
= ⎜⎜

⎝ ⎠
⎟⎟

)

 (4.41) 

Then the angular error in the position of the parafoil is given as ( 3 3cabs α α− . If this 

error goes above a predetermined value, say 0.5º, the flight software realizes the necessity 

for a turn maneuver and correction of the path. 
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8. Path Correction Turn Maneuver 

The method that is usually used to counter the cross-winds is by making 

successive turn maneuvers. This is done as the parafoil cannot crab into the cross-wind as 

the parafoil does not possess a tail and more importantly a rudder. So the parafoil cannot 

make immediate turn maneuvers into the wind. Hence a technique that carries out 

successive corrections in the heading. 

This section describes the geometry and 

kinematics involved in the turn maneuver for 

the correction of the path of the parafoil. 

For this maneuver we make an 

assumption. Referring to the Figure 4.10, this 

assumption is 

( ) ( ) ( ) ( )2d AC d AE or d AE d EC= =  

      Figure 4.10: Path Correction Turn Maneuver 

These assumptions are arbitrary and are meant to make the formulation and 

geometry of the maneuver less complicated and more predictable. Then the coordinates 

of point .  ( )4 4 4, ,C x y z≡

From the figure, we get 

( ) ( )4 2 32 cosnx x d AE hdng= + × ×  and 

( ) ( )4 2 32 sinny y d AE hdng= + × ×  (4.42 – 4.43) 
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The flight path angle at the ideal point can be calculated as 

( )
( )( ) ( )( ) ( )( )

21

2 2
2 2

3
sin

1 2 3
c

tgt z

tgt x tgt y tgt z
γ −

⎛ ⎞
−⎜ ⎟= ⎜ ⎟⎜ ⎟− + − + −⎝ ⎠

2
2

 (4.44) 

Then the z-coordinate of point C is  

( ) ( )4 3 tann cz z d AE γ= −  

 

Now, the distance between points A and B is given as 

( ) ( )2
2 3 2 3n c n cb x x y y= − + − 2

)

 (4.45) 

Similarly the distance between points B and C is given as 

( ) (2
3 4 3 4c cc x x y y= − + − 2  (4.46) 

Consider, in the figure, . We know the value of ABCΔ CAB∠ which can be calculated by 

using 

( )3 3cabs hdng hdngβ = −   (4.47) 

where 

1 3 2
3

3 2

tan c n
c

c n

y yhdng
x x

− ⎛ ⎞−
= ⎜ −⎝ ⎠

⎟  (4.48) 

Applying the Sine Rule to , we get ABCΔ

sin sin
b c
ζ β
=  

1sin sinb
c

ζ β− ⎛ ⎞∴ = ⎜
⎝ ⎠

⎟  (4.49) 

Now from this information, 
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ABC π β ζ∠ = − −  

For , OBCΔ

2
OBC π β ζ∠ = − −  

For the isosceles  This gives, OBCΔ

2BOC OBCπ∠ = − ∠  

2 2BOC β ζ∴∠ = +  (4.50) 

BOC∠  is the angle subtended by the chord BC at the center O of the turn. Then the 

radius of the turn arc BC can be given as 

( )2sin2sin
2

cr
BOC

c
β ζ

= =
∠ +⎛ ⎞

⎜ ⎟
⎝ ⎠

 (4.51) 

Now, the line segment AD is tangential to the circular arc BC. After analyzing the 

situation, it was noticed that there exist two cases at this point. These two cases arise due 

to the direction of the cross wind. These cases can be seen in the Figure 4.11. 

Case I : If ( )( )3_w ang abs hdngπ< −  

             Then 3chdngθ = −  

  Clockwise sense of helix 

Case II : If ( )( )3_w ang abs hdngπ> −  

             Then 3chdngθ π= +  

  Counterclockwise sense of helix 

                Figure 4.11: Two Cases for Path Correction  

The exit angle of the helix is given as  
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( ) ( )30.9 0.9 2 2cBOC hdngφ θ β ζ= +∠ = − + +  (4.52) 

The factor 0.9 is added to restrict the path correction maneuver from making a 

completer turn and hence intersecting at the point C in the Figure 4.11. This leaves a 

margin for performing the Heading alignment maneuver. The factor 0.9 is arbitrary. 

The technique of plotting helices in MATLAB is described in the section with the 

heading “Plot Commands”. This section mentions the detailed procedure of determining 

the entry and exit angles. 

The pitch of the helix is given as  

3
3

c
c

z zp 4

φ θ
−

=
−

 (4.53) 

The coordinates of the point C are then assigned to the variables 3cx , 3cy  and . This is 

for the convenience in the looping process that will be employed to carry out this 

correction maneuver wherever applicable. 

3cz

9. Aligning with the Ideal Heading

The correction maneuver brings the 

vehicle in the vicinity of the ideal 

trajectory. But it is required to change the 

heading of the parafoil again so as to align 

with the ideal trajectory. This is done so 

that the parafoil does not continue its trace 

and cross the ideal trajectory and take some 

different heading. This can be observed in 

the figure in the previous section.  
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        Figure 4.12: Aligning Turn Maneuver 

This is done by shifting the point C back so that it falls short of the ideal 

trajectory. This can be seen in the Figure 4.12. Then from this point, a second successive 

turn maneuver is done in the opposite sense of that of the previous one so as to align the 

ideal heading. 

We select the value of the exit angle of the previous maneuver as 0.9 times its 

original value. This prevents the helix from intersecting the ideal trajectory and the point 

C is shifted away from it. 

Referring to the figure, we get  

( )1 0.9 0.1
0.9 0.9

BACν φ
−

= ∠ = = φ  (4.54) 

Let 1θ  and 1φ  be the entry and exit angle of the correction helix CD.  

To be compatible with the two cases in the previous section, two similar cases are 

introduced in the correction helix. The entry angle, the formula for which is common to 

both the cases is given by 

1θ π φ= −  

The two cases give 

Case I : If ( )( )3_w ang abs hdngπ< −  

             Then 1 3hdngφ π= +  

  Counterclockwise sense of helix 

Case II : If ( )( )3_w ang abs hdngπ> −  

             Then 1 3hdngφ = −  
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  Clockwise sense of helix 

Then 

1 1λ φ θ= −  (4.55) 

From the figure, let 

2 sin
2

c BC r ν⎛ ⎞′ = = ⎜ ⎟
⎝ ⎠

 (4.56) 

For isosceles  ABCΔ

2 2
ABC ACB π ν

∠ = ∠ = −  

Similarly for the isosceles  CDEΔ

2 2
ECD EDC π λ

∠ = ∠ = −  

From these data, we have, for BCDΔ  

 ( )
2 2

BCD ACB ECD ν λπ∠ = − ∠ +∠ = +  and 

2 2 2
CDB BDE EDC

2
π π λ λ⎛ ⎞∠ = ∠ −∠ = − − =⎜ ⎟

⎝ ⎠
 

Hence, 

( )
2 2 2

CBD BCD CDB ν λ λπ π ⎛ ⎞∠ = − ∠ +∠ = − + +⎜ ⎟
⎝ ⎠

 

2
CBD νπ λ∴∠ = − −  

Applying Sine Rule to  BCDΔ

( ) ( )
1

sin sin
c c
CBD CDB

′
=

∠ ∠
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1

sin
2

sin
2

c c

νπ λ

λ

⎛ ⎞− −⎜ ⎟
⎝ ⎠′∴ =

⎛ ⎞
⎜ ⎟
⎝ ⎠

 (4.57) 

This chord CD subtends an CED λ∠ =  at E. Then the radius of the arc CD is 

1
1

2sin
2

cr
λ

=
⎛ ⎞
⎜ ⎟
⎝ ⎠

 (4.58) 

To find the coordinates of the point D, we will shift the origin to the center of the arc 

between  and ( )3 3,c cC x y≡ ( )4 4,D x y≡ , ( )1 1,E h k≡ . Then the coordinates of E are 

given as 

1 3 1 1cos
2ch x r π θ⎛= − +⎜

⎝ ⎠
⎞
⎟  and 

1 3 1 1sin
2ck y r π θ⎛ ⎞= − +⎜ ⎟

⎝ ⎠
 

Then the coordinates of point D can be 

given as shown in Figure 4.13

4 1 1cos
2 1x r hπ φ⎛ ⎞= +⎜ ⎟

⎝ ⎠
+  

4 1 1sin
2

y r kπ φ⎛ ⎞= +⎜ ⎟
⎝ ⎠

1+  

       Figure 4.13: Polar Coordinates 

The distance between the first ideal point ( )2 2,x y  and point ( )4 4,D x y≡  is 

( ) ( )2
1 4 2 4 2l x x y y= − + − 2  (4.59) 

Then the Z-coordinate of D can be seen in figure to be equal to 
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( )4 2 1 tan _z z l aoa c= −  

The pitch of the heading correction helix 

3 4
1

1 1

cz zp
φ θ

−
=

−
 

10. Transfer Turn Maneuver to Enter Low Altitude Spiral

This is a turn maneuver in order to enter a low altitude, large radius spiral path 

which is meant to take the vehicle above the target point and thus avoid any obstructions. 

This transfer turn maneuver has a radius  

( )( ) ( )( )2
5 3 3

1 1 2
2 c cr x tgt y tgt r⎡= − + − −⎢⎣ ⎦

2
7
⎤
⎥

3

 (4.60) 

where  is the radius within which the vehicle is to be taken above the target point, at 

the end of the low altitude spiral. This can be fixed arbitrarily, 1000 feet in this code. As 

can be seen from the 

7r

Figure 4.13Error! Reference source not found., the entry and exit 

angles of the transfer turn maneuver are 

5 hdngθ = −  and  5 5φ θ π= +  

For this maneuver, we assume 

5 3 100cz z= −  

Finally, the pitch of this helix 

3 5
5

5 5

cz zp abs
φ θ

⎛ ⎞−
= ⎜ −⎝ ⎠

⎟        

11. Low Altitude, Large Radius Spiral
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In this maneuver (Figure 4.14), as discussed above, the vehicle is brought above 

the target point within a radius given by . Referring the Error! Reference source not 

found.previous section, the radius OP of the maneuver can be taken as 

7r

6 2r = × 5r  (4.61) 

Similarly, the entry and exit angles of the spiral are given as 

( )6 3hdngθ π= − +  and 

6 32
hdngπφ = −  

We assume the vertical descent in this 

entire maneuver to be 200 ft. Hence, we get the 

value of z-coordinate of point P as under 

6 5 200z z= −  

Figure 4.14: Low Altitude Spiral 
Maneuver 

The pitch of the helix is thus 

5 6
6

6 6

z zp abs
φ θ
⎛ ⎞−

= ⎜ ⎟−⎝ ⎠
 

12. Convergence

This step involves the formulation for 

the maneuver to decrease the radius of spirals 

successively.  

This is series of operations (Figure 

4.15Error! Reference source not found.) in 
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which the first helix has the entry and exit angle are 

Figure 4.15: Convergence Maneuver 

 7 hdng3θ π= +  and 

7
3
2
πφ =  

 

The first radius is which appeared previously. 7r

We assume  

7 6 100z z= −  (4.62) 

This gives the pitch of the helix 

6 7
7

7 7

z zp abs
φ θ
⎛ ⎞−

= ⎜ ⎟−⎝ ⎠
 

The next successive maneuver and maneuvers after that are similar in nature with 

following changes. 

7 0.75r = × 7r , (4.63) 

7 7θ φ=   and 

7 7φ θ π= +  

This is a loop and hence values have been given values that are valid in computing 

languages. This is done till the parafoil reaches a predetermined altitude over the target 

point. 

 

13. Final Descent
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This step involves a quick descent from the position attained after the 

convergence. In this a continuous turn maneuver is applied till the parafoil lands. The 

radius of the helix is the final radius obtained from the previous maneuver. The entry 

angle is the final exit angle obtained from the convergence and the exit angle is till the 

vehicle lands, i.e. altitude of the vehicle above target point is zero. 

4.2.2.5 Plot Commands

3D plotting in MATLAB requires some modifications and a particular syntax of 

the plot commands. In this section we will discuss the plotting techniques of different 

maneuvers involved in the trajectory. 

 

1. Plotting a Line in 3D Space

The command to plot a line in 3D space is ‘plot3’ [19]. As an example for plotting 

a line joining two arbitrary points in space has been considered here. Draw a line joining 

 and ( )16.5,13,21.30A ≡ ( )2,26.25,6.45B ≡ . 

 

a. MATLAB Code

clc 

A=[16.5, 13, 21.30]; B=[2, 26.25,6.45]; 

X=[A(1),B(1)]; Y=[A(2),B(2)]; Z=[A(3),B(3)]; 

meshgrid(X,Y,Z); 

plot3(X,Y,Z); 

grid on; 

xlabel ('X-Axis'); ylabel ('Y-Axis'); zlabel ('Z-Axis'); 
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The resulting plot is shown below in Figure 4.16. 

 

Figure 4.16: 3D Line Plot Using 'plot3' Command 

 
2. Plotting a Helix in 3D Space 

A helix is a circle with a translation given to each point in one direction. Thus, a 

vertical helix has a vertical translation and so on. MATLAB uses the same definition to 

plot a helix in 3D space. Helix can be clockwise or counterclockwise. The main variables 

that go in a helix code are the angles and the translation in Z-axis.  

 

a. MATLAB Code 

clc 

x1=20; y1=15; z1=20; 

rad=2; pitch=2; 

t=0:0.1:4*pi; 

plot3(rad*sin(t),rad*cos(t),pitch*t); 

grid on; xlabel ('X-Axis'); ylabel ('Y-Axis'); zlabel ('Z-Axis'); 
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This code plots a clockwise helix, as shown in Figure 4.17, as the sine and cosine 

terms are positive. Also it is ascending helix as the z-translation term in the plot 

command is positive. 

 

Figure 4.17: 3D Helix Plot Using 'plot3' Command 

A counterclockwise helix can be plotted by making the sine and cosine terms in the plot3 

command as negative. Also the helix can be made a descending one by making the 

remaining z-term in the plot3 command negative. 

 

3. Entry and Exit Angles for Helices 

The entry and exit angles for an helix are the radial angles on the helix, projected 

on the plane perpendicular to the axis of translation. The sense of the helix, clockwise or 

counterclockwise, does not affect these angles.  

MATLAB counts the angles for a helix from the point where the helix intersects 

the positive Y-axis for the first time. The direction of increment in the angles is the sense 
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of the helix. The center of the helix when viewed along the axis of translation is the 

center for measurement of the angles. 

The following Figure 4.18 shows the entry and exit angles for clockwise and 

counterclockwise helices. 

 

Figure 4.18: Entry and Exit Angle for Helix 

 

In the first case, the entry angle is θ  while the exit angle 

φ θ δ= +  

While in the second case, the exit angle is θ−  and the exit angle is  

φ δ θ= −  

a. Plot Coordinates of Helices

The coordinates of the actual helices cannot be just simple sine and cosine 

functions. This is because this would make the helix start have its center at ( . But 

we might have to plot a helix in space and it need not always have its center at the origin 

)0,0,0
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of the 3D space. So it is required to shift the starting point of the helix to be plotted, to the 

required point. This can easily be done by the following procedure. 

( )
( )

-
- sin

sin

x coordinateof desired start point
x coordinateof the helix r  angle

r entry angle

⎡ ⎤
⎢ ⎥

= + ×⎢ ⎥
⎢ ⎥− ×⎣ ⎦

 (4.64) 

The x-coordinate of the desired start point shifts the helix to the desired point. The 

 term provides for plotting the basic helix from this point. The angle 

variable in this the incremented angle value from entry angle thru exit angle. But this 

term introduces a shift of the start point by that amount, so the third term 

 is introduced. We thus get the start point the helix as the required x-

coordinate when the value of the variable ‘angle’ equals the value of the entry angle. 

(sin r  angle× )

)(sin r  entry angle×

Similarly, the suitable adaptations in the Y and Z-coordinates are as under. 

( )
( )

-
- cos

cos

y coordinateof desired start point
y coordinateof the helix r  angle

r entry angle

⎡ ⎤
⎢ ⎥

= + ×⎢ ⎥
⎢ ⎥− ×⎣ ⎦

 and 

 

( )
( )

-
-

z coordinateof desired start point
z coordinateof the helix p angle

p entry angle

⎡ ⎤
⎢ ⎥

= − ×⎢ ⎥
⎢ ⎥+ ×⎣ ⎦

  (4.65 – 4.66) 

The signs of the last two terms are changed in the equation for the Z-coordinate so as to 

plot a descending helix. 

The terminal points of the helix can similarly estimated by substituting the value 

of the exit angle for the variable ‘angle’. 
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b. Pitch of a Helix

The pitch of the helix has to be decided by estimating the descent that is desired 

after traversing from the entry angle to the exit angle. This essentially means the vertical 

distance the helix will travel through, when it completes one full rotation, given that it 

descends vertically through some given distance and given angle of rotation. 

Then from the formula for the Z-coordinate in the previous section, we can write, 

( ) ( )
( ) ( )

-   -    z coordinateof start point z coordinate of end point
p

exit angle entry angle
⎡ ⎤−

= ⎢ ⎥−⎣ ⎦
 (4.67) 

c. Miscellaneous Plot Functions in MATLAB

In addition to these, there are other MATLAB functions to improve the plot itself. 

These are for adding text to the plot, adding colors to different lines, and improving 

visibility. 

The following commands add text to the axes. 

xlabel ('X-Axis'); 

ylabel ('Y-Axis'); 

zlabel ('Z-Axis'); 

The string contains the required text. 

For displaying a grid in the plot, the following command is used. 

grid on; 

For changing colors of a plot, a command like the one shown can be used.  

plot3(r8*sin(-t), r8*cos(-t),-p7*(t), '--', 'LineWidth', 2, 

'Color', 'red'); 

Here the ‘LineWidth’ command displays the plotted curve with a line width stated by the 

numerical value next to this string. The string ‘--‘ makes the plotted curve dashed. The 
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‘Color’ string decides the color of the curve on the basis of the value provided next to it 

in the command line. 

4.2.2.6 Sample Plot Results 

Here we look at the results by the simulation program for the given dataset.  

25000alt feet=  

100000distx feet= −  

60000disty feet=  

[ ]1700,1500,0tgt feet=  

30hdng = °  

_ 1 10c w ft s=      Closest to ground 

_ 1 120w ang = °  

_ 2 10c w ft s=  

_ 2 180w ang = °  

_ 3 10c w ft s=  

_ 3 220w ang = °  

_ 4 10c w ft s=  

_ 4 70w ang = °  

_ 5 10c w ft s=  

_ 5 40w ang = °     At the deployment point 
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 In the plots below, the thick red line shows the actual trajectory. The dashed blue 

line is the ideal trajectory of the parafoil without any cross-wind effects. The dashed 

green line is the trajectory of the parafoil without any correction for cross-winds. 

a. 3D Plot

 

Figure 4.19: 3D Trajectory Plot for Sample Case 

b. XY Plot

 

Figure 4.20: XY Trajectory Plot for Sample Case 
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c. XZ Plot

 

Figure 4.21: XZ Trajectory Plot for Sample Case 

d. YZ Plot

 

Figure 4.22: YZ Plot for Sample Case 

e. Error

The parafoil lands at a point ( )1798,1577,0 which is 124.9789 feet away from the 

target point ( ) . 1700,1500,0

4.2.2.7 Deficiencies 

There are certain minor deficiencies of the code. But these do not affect the working 

of the code by any means. These are summarized below. 
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1. The code is only capable of simulating in one octant of the 3D space. But this 

does not hamper the working of the code as this can be taken care of by adding 

few lines to the code to check the octant and behave accordingly. 

2. The cross-wind effect is not applied to the parafoil when it does a turn maneuver. 

But this is due to the programming environment of the software. The nature of the 

code to plot the helical turn consists of manipulations so that the helix starts at a 

particular point. Adding cross-wind correction to it will make the helix to start at 

some point other than the desired. This can be understood by examining the 

following line of code for the helical path in the actual code.  

        plot3(x3c+r*sin(t)-r*sin(theta),... 
            y3c+r*cos(t)-r*cos(theta),z3c-p*t+... 
            p*(theta) 

Here, each colored unit signifies a coordinate of the helix, red unit is the x-

coordinate, green unit is the y-coordinate and magenta unit is the z-coordinate. 

Each unit consists of three parts, the starting coordinate (e.g. x3c), point on the 

helix at an instant (e.g. r*cos(t)) and an initial position term (e.g. r*cos(theta)) 

The First term instructs the helix to start at the required point. The second term 

computes the increment in the coordinates of the helix at different instances. The 

second term however introduces an increment to the starting point also and the 

entire helix shifts through this increment. The third term normalizes this error by 

shifting the helix back to start from the desired point. Inclusion of cross-wind 

correction introduces similar shift in the starting point of the helix as the second 

term above. No term could be devised which can normalize this term at the time 

of writing this document.  
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5. Results and Discussions 

 

In this section, the simulation has been tested for different values and the results 

have been displayed. Due to presence of multiple variables, comparison of solutions on 

the basis of all the variables is not done. The initial altitude is considered to be the same 

in all the cases as it is desired to make this system operable at that altitude, which is the 

nominal operation altitude of HABS.  

5.1 Trajectory Plots 

In this section, the results produced by the simulation program have been 

furnished. Although the code is flexible to handle all type of inputs in the prescribed 

octant, different release points and different initial heading angles have been considered. 

Table 5.1 shows the cases that have been considered for plotting the trajectory plots.  

Table 5.1: Cases Considered for Simulation Runs 

Variables 

 

Release point 

( )80,000 / 20,000 / 25,000
E W N S Alt

−

− −

Release point 

( )100,000 /100,000 / 25,000
E W N S Alt
−

− −
 

Release point 

( )230,000 /100,000 / 25000
E W N S Alt− −

−

80hdng = °  Case 1.1 Case 2.1 Case 3.1 

145hdng = − °  Case 1.2 Case 2.2 Case 3.2 

 

In the plots, the red line indicates the actual trajectory, the green dashed line 

indicates the trajectory without any cross-wind correction (showing multiple values of 

cross-wind) and the blue dashed line indicates the ideal trajectory. 
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Case 1.1: Release point: ( ) , initial heading,  80000,20000,25000− 80hdng = °

 

Figure 5.1: Trajectory Plots for Case 1.1 
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Case 1.2: Release point: ( ) , initial heading,  80000,20000,25000− 145hdng = − °

 

Figure 5.2: Trajectory Plots for Case 1.2 
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Case 2.1: Release point: ( ) , initial heading,  100000,100000,25000− 80hdng = °

 

Figure 5.3: Trajectory Plots for Case 2.1 

 69



 

Case 2.2: Release point: ( ) , initial heading,  100000,100000,25000− 145hdng = − °

 

Figure 5.4: Trajectory Plots for Case 2.2 
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Case 3.1: Release point: ( ) , initial heading,  230000,100000,25000− 80hdng = °

 

Figure 5.5: Trajectory Plots for Case 3.1 
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Case 3.2: Release point: ( ) , initial heading,  230000,100000,25000− 145hdng = − °

 
Figure 5.6: Trajectory Plots for Case 3.2 
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5.2 Error Estimation and Discussion 

The program also calculates the errors in the landing, i.e. the distance of the point 

of the actual landing from the target point. The results are tabulated below for all the 

cases. 

It can be observed that the landing points are dispersed around the target points 

with different errors in the landing distance. These errors are small considering the 

distance of the release point from the target point. The error decreases with the release 

point getting farther away from the target point. This can be said on the basis of the 

values being dispersed and there being a decreasing trend of the error values. The errors 

in the above cases are summarized in Table 5.2. 

Table 5.2: Simulation Resullts (Landing Errors) 

Errors in landing 

Case 2.1 

111.4706 Error feet=  

Case 3.1 

47.1051 Error feet=  

Case 1.1 

113.4649 Error feet=  

Case 2.2 

89.9884 Error feet=  

Case 3.2 

53.6706 Error feet=  

Case 1.2 

292.5746 Error feet=

 

This simulation proves to be a considerably useful tool to predict the trajectory 

and the approximate landing site of the parafoil. Though the wind velocities and behavior 

changes rapidly and in a non-linear way, even in the considered band, the values 

considered here are average wind velocities and angles for respective bands. This is 

because this program considers the linear model of the wind. Finally, after doing some 
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required additions, modifications and debugging of the existing code, it will become 

more flexible and will be able to predict the flights anywhere in the 3D space. 

5.3 Error Plots 

For the analysis of the simulation certain error plots have been developed and 

discussed in this section. These plots are the errors in landing position plotted against 

different values of heading of the wind relative to the heading of the parafoil. The third 

dimension in the plots is the distance of the release point from the target point in the X-

direction (distx). The heading of the wind with respect to the Earth’s East direction is 

varied from 0º to 360º and its respective relative angle with the heading of the parafoil is 

used for plotting. The ‘distx’ is varied from -130000 feet to -260000 feet. Only one band 

of cross-wind is considered at one time for heading variation. Likewise five different 

plots for five different bands have been presented here. The nature of all the plots is 

similar with minor differences in the errors. Hence, only one plot is discussed in this 

section and the rest are presented without any specific discussions. 

The plot shown in Figure 5.7 shows the error plot for the band of cross-wind 

closest to the ground. This band contains the terminal phase of the landing of the vehicle. 

Here, the errors in the landing position are plotted against different values of heading of 

the wind relative to the heading of the parafoil. The third dimension in the plots is the 

distance of the release point from the target point in the X-direction (distx). It can be seen 

from the plot that the error involved in the landing is maximum when the difference in 

headings of the parafoil and the cross-wind is zero. This happens when the wind is 

directly assisting the descent of the parafoil. 
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Figure 5.7: Error Plots for Cross-wind Band Closest to Ground 

This error occurs as the algorithm does not detect any error in the heading of the parafoil 

due to the cross-wind. Similarly, there is a sudden increase in error observed around 180º. 

This is due to a directly opposing cross-wind which again prevents any parafoil heading 

error from occurring. The plots for all the values of ‘distx’ have a similar nature except 

the few when the value ‘distx’ decreases below -200000 feet (distance increases above 

200000 feet in X-direction). This is because the landing occurs earlier due to a finite 

descent rate on the parafoil. 

 Figure 5.8 shows similar plots for all the other cross-wind bands in the simulation. 

The nature of all the plots is similar to the band closest to ground except for the errors. 

These cases can easily be analyzed from the plots sown below. 
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Figure 5.8: Error Plots for Other Cross-wind Bands 
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6. Summary, Conclusions and Future Work 

 
The Controlled Landing Subsystem was designed to enhance the capabilities of 

the existing High Altitude Balloon System (HABS). The developments suggested in this 

work aim towards this sole objective. Notable research is being done by different 

institutions in the field of precision airdrop. This work, however, is by no means 

exhaustive in the search for a “perfect” landing subsystem. More importantly, as a result 

of the effort to develop a working simulation for heading correction, a number of critical 

issues have been identified and an extensive knowledge base has been acquired for any 

future work in this field. Based on the author's own experience, some of the 

recommendations, suggestions, and general directions for future improvements are 

presented in the following sections. 

6.1 Summary 

The simulation developed is a good tool for simulating the approximate trajectory 

of the vehicle and for estimating the coordinates of the approximate landing point. It is 

also useful in estimating the total time of flight. The same algorithm that the code follows 

can be used suitably to write the microcontroller code. The auto mode of the descent of 

the vehicle is designed to make the vehicle land near the predetermined landing point. 

This is without any human interference. The manual mode, with the human control on the 

descent, consists of the CCTV camera feed downlink and control signal uplink. The 

manual mode avoids any unfavorable landing conditions. The structure is designed so as 

to include the Controlled Landing Subsystem, the main Command and Control module 

and the proposed Hover Subsystem. The structure is designed to make the subsystems 
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more accessible yet keeping the structure watertight. A special avionics unit has been 

developed that can provide the readings for accelerations, magnetic headings, rotation 

rates etc. during the flight. These data can be downlinked to the ground station or stored 

onboard. This is called as the Black Box aviation unit, which is capable of taking 

different measurements of the flight environment. More information about the structure 

and black box has been provided in Appendix 3.  

All in all, the Controlled Landing Subsystem is capable of satisfying most of the 

requirements that were realized. There is a scope for development in the simulation code 

as it has some deficiencies which can be solved by employing nominal programming 

techniques. 

6.2 Contributions to the Field of Precision Airdrop 

Autonomous Control of parafoils is a relatively new field. The procedures 

developed here are modest additions to the same. In the previous approaches, it was 

observed that less importance has been given to correction of heading of the parafoil 

during the flight. Previous works document working models of the parafoil assisted 

landing system. However, a dedicated simulation program for heading correction was not 

observed in any of these works. The present work is unique in that it identifies and 

develops a preliminary simulation for heading correction of the subsystem. This program 

has been developed so as to maintain a heading of the parafoil after correcting for errors 

introduced due to cross-wind. In addition to this, detailed geometry and dynamics of the 

flight have been developed in this work. The algorithm for landing can prove as a viable 

solution to this problem of descent control. The microcontroller code developed on the 
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basis of this algorithm can be used on similar systems. With the presented techniques the 

Guidance, Navigation and Control of the parafoil becomes more flexible and adaptive. 

The system makes the monitoring of the descent of the parafoil a redundant issue and the 

parafoil becomes a standalone, self-guiding vehicle. 

6.3 Conclusions 

The results of the simulation suggest that the heading of the AHABS can be 

controlled appropriately to achieve a precision landing at the target. The simulation takes 

into consideration different cross-wind conditions. The plots developed suggest that the 

trajectory of a flight that is not corrected for heading and cross-winds differs from the 

corrected trajectory. The corrected trajectory not only corrects for the cross-wind, but 

also for wrong headings.  

It has been observed from the multiple sample runs that this simulation work for 

most of the cases. The errors in landing depend upon different factors like the cross-wind 

velocity, wind heading and distance of the release point from the target point. The error 

increases if the wind heading is aligned with the parafoil, either assisting or opposing. 

The errors in the landing position are minimal as compared to the distance of the release 

point from the target point. These errors, for a particular release altitude, are limited only 

within a particular range of distances of the release point to target point. As this distance 

increases, the error starts increasing and reaches a large value. This is because of the 

finite descent rate of the parafoil that makes it land away from the target introducing the 

error. The simulation also introduces maneuvers that will be useful in avoiding the 

obstructions on the Earth’s surface. Similar maneuvers are devised to enable the vehicle 
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to land in the vicinity of the target point. The simulation plots a trajectory that shows 

successive and multiple turns of the parafoil. This is done as the parafoil cannot crab into 

the cross-wind as the parafoil does not possess a tail and more importantly a rudder.  

The simulation suggest the working of the subsystem to be dynamic in that the 

subsystem reacting dynamically to the disturbances caused by the cross-winds. The 

system using this ideology of operation will not be dependent on the input of wind data 

and coordinates before the flight. The corrections are made as and when required when 

the errors due to flight conditions exceed some fixed values. 

The simulation thus ensures an accurate maintenance of the heading of the 

vehicle. With the appropriate control system and flight software, the airdrop using the 

Controlled Landing Subsystem can be made accurate. Another accomplishment of this 

simulation is that it suggests a flexible approach to land the parafoil-assisted vehicle 

manually or automatically.  

6.4 Future Work 

The scope for the Controlled Landing Subsystem is vast in future applications. It 

was noticed that the simulation leads to an unsolvable case in the case of direct head-on 

cross-winds with same velocity as that of the parafoil. In this case the altitude decreases 

due to the finite descent rate without any forward distance (in the direction of the target) 

been covered. There will arise a necessity of a pertinent safety check to ensure the desired 

motion of the parafoil in the direction of the target. In such cases, the simulation program 

can be made robust by incorporating the capability of selecting one of few feasible 

landing spots monitored by the recovery team. The algorithm can be made to decide if the 
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vehicle can make it to a particular landing target and if not switch the target to some other 

known point.  

In the future versions, the simulation can be made to operate with a non-constant 

descent rate as against the constant rate the version presented here. The descent can be 

made to change by taking into consideration the angle of attack and other aerodynamic 

parameters that determine the descent rate of the parafoil. 

A few other improvements could be made to the simulation to consider the 

geodetic shape of the Earth. Here we have considered Earth to be flat. The cross-winds, 

which are considered to be constant in one band, can be made to have variable wind 

speed, some turbulence, vertical wind velocity components and other disturbances. 

All these improvements can be done after sufficient study and analysis of the 

problem. In future, researchers can use this work as a baseline and build on this to bring 

about the improvements which are suggested above and other similar ones if any. 

6.5 Applications 

An autonomously guided vehicle can be used in testing and autonomous retrieval 

of specialized instruments that need to be tested in upper atmosphere. These instruments 

may include high gain antennas, transceivers, other communication systems, micro and 

nano satellites etc. Another future prospect can be imaging of the Earth and retrieval of 

the imaging cameras. There are some software tools that employ satellite imaging of the 

features on the Earth. The HABS can be used to place high resolution cameras at higher 

altitudes with the hover subsystem helping to maintain the required imaging altitude. The 

Controlled Landing Subsystem can then be used to get back the cameras and hence the 
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images, without any communication hardware. There can be some applications in the 

defense sector in surveillance. 

In conclusion, the Controlled Landing Subsystem is a development which on 

completion can prove to be reasonable addition to balloon assisted systems. Future 

developments in the system can help form a robust system to take care of varied flight 

environments. This Controlled Landing subsystem can be viewed as an important 

development in the field of autonomous guidance and recovery of high altitude balloon 

systems. 
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Appendix 1. Simulation Code 

The MATLAB code used for the Simulation is given in this listing. 

 

clc 
clear 
  
format long 
  
%-------------------------------------------------------------------------- 
%                            Inputs 
%-------------------------------------------------------------------------- 
  
alt=25000; 
distx=-100000;                                  % position coordinates 
disty=100000; 
tgt=[1700,1500,0]; 
adpt=alt/30;                                    % adaptation dist 
  
hdng=80*pi/180;                                 % initial heading 
  
g=32.19; 
  
%------------------------  Cross-wind data   ------------------------------ 
  
c_w1=10;                                        % Closest to ground 
w_ang1=120*pi/180; 
  
c_w2=10; 
w_ang2=180*pi/180; 
  
c_w3=20; 
w_ang3=310*pi/180; 
  
c_w4=10; 
w_ang4=70*pi/180; 
  
c_w5=20;                                        % at the deployment point 
w_ang5=40*pi/180; 
%-------------------------------------------------------------------------- 
%-------------------------------------------------------------------------- 
  
  
  
%-------------------------------------------------------------------------- 
%                           Computations 
%-------------------------------------------------------------------------- 
  
rpt=[tgt(1)+distx, tgt(2)+disty, tgt(3)+alt];   % release point 
  
angle=atan(disty/distx); 
  
aoa=(asin((tgt(3)-rpt(3))/sqrt((tgt(1)-rpt(1))^2+(tgt(2)-rpt(2))^2+... 
    (tgt(3)-rpt(3))^2)));                       %helix angle 
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l_adpt=abs(adpt/tan(aoa));                      % distance travelled 
  
x1=rpt(1)+ l_adpt*cos(hdng); 
y1=rpt(2)+ l_adpt*sin(hdng);                    % coordinates of 
z1=rpt(3)- adpt;                                % adaptation point 
  
  
  
%-----------------     Plot    command    for    line     ----------------- 
  
X=[rpt(1), x1]; 
Y=[rpt(2), y1]; 
Z=[rpt(3), z1]; 
meshgrid(X,Y,Z); 
plot3(X,Y,Z,'LineWidth', 2, 'Color', 'red'); 
hold on; 
grid on; 
  
%-------------------------------------------------------------------------- 
  
  
  
%----------------  Heading   Correction   maneuver   ---------------------- 
  
r0=0.50*adpt;                               %helix diameter 
p0=abs(2*r0*tan(aoa));                      %helix pitch/pi 
  
if hdng>(-pi/2) && hdng<(pi/2) 
    sgn=1; 
else 
    sgn=-1;                                 % Direction of helix 
end 
  
t=(pi+hdng)-0.1:0.1:5*pi+angle+0.1; 
plot3(x1+r0*sin(sgn*t)-r0*sin(sgn*(pi+hdng)),y1+r0*cos(sgn*t)-... 
    r0*cos(sgn*(pi+hdng)),z1+p0*(-t)+p0*(pi+hdng),... 
    'LineWidth', 2, 'Color', 'red'); 
  
x2=x1+r0*sin(sgn*(5*pi+angle))-r0*sin(sgn*(pi+hdng)); 
y2=y1+r0*cos(sgn*(5*pi+angle))-r0*cos(sgn*(pi+hdng)); 
z2=z1+p0*(-(5*pi+angle))+p0*(pi+hdng); 
  
%-------------------------------------------------------------------------- 
  
aoa_c=abs(asin((tgt(3)-z2)/sqrt((x2-tgt(1))^2+(y2-tgt(2))^2+... 
    (z2-tgt(3))^2))); 
% Correceted angle of attack 
%-------------------------------------------------------------------------- 
  
  
%-------------------    Ideal   trajectory   plot    ---------------------- 
  
X=[tgt(1), x2]; 
Y=[tgt(2), y2]; 
Z=[tgt(3), z2]; 
meshgrid(X,Y,Z); 
plot3(X,Y,Z,'--','LineWidth', 1); 
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%-------------------------------------------------------------------------- 
  
z3=z2-alt/50; 
x3=((z3-z2)*((tgt(1)-x2)/(tgt(3)-z2)))+x2; 
y3=((z3-z2)*((tgt(2)-y2)/(tgt(3)-z2)))+y2; 
  
hdng3=atan((y3-y2)/(x3-x2));                        % new required heading 
mag2_tgt=sqrt((x3-tgt(1))^2+(y3-tgt(2))^2);         % distance from target 
alpha3=acos((x3-tgt(1))/mag2_tgt);                  % angle with X-axis 
  
k=g/15; 
z2n=z2; 
x2n=x2; 
y2n=y2; 
  
xf1=x2; 
yf1=y2; 
zf1=z2; 
  
%-------------------------------------------------------------------------- 
  
  
  
%================    Cross-wind error correction Loop    ================== 
  
  
while z2n>=2500 
  
%-----------------------   Cross-wind bands    ---------------------------- 
  
    if z2n<=z2 && z2n>(tgt(3)+4*alt/5) 
        c_wind=c_w5; 
        w_ang=w_ang5; 
    elseif z2n<=(tgt(3)+4*alt/5) && z2n>(tgt(3)+3*alt/5) 
        c_wind=c_w4; 
        w_ang=w_ang4; 
    elseif z2n<=(tgt(3)+3*alt/5) && z2n>(tgt(3)+2*alt/5) 
        c_wind=c_w3; 
        w_ang=w_ang3; 
    elseif z2n<=(tgt(3)+2*alt/5) && z2n>(tgt(3)+1*alt/5) 
        c_wind=c_w2; 
        w_ang=w_ang2; 
    elseif z2n<=(tgt(3)+1*alt/5) && z2n>tgt(3) 
        c_wind=c_w1; 
        w_ang=w_ang1; 
    end 
%-------------------------------------------------------------------------- 
  
  
    z3n=z2n-alt/50;                                 % point on ideal 
    x3n=((z3n-z2n)*((tgt(1)-x2)/(tgt(3)-z2)))+x2n;  % trajectory 
    y3n=((z3n-z2n)*((tgt(2)-y2)/(tgt(3)-z2)))+y2n; 
  
    xi=acos((z2n-z3n)/sqrt((x2n-x3n)^2+(y2n-y3n)^2+(z2n-z3n)^2)); 
    s=(z2n-z3n)/cos(xi); 
  
    tof=s*k/g;                                      % time of flight 
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    if w_ang>pi 
        w_ang_t=w_ang-2*pi;                         % cross-wind angles 
    else                                            % for correction 
        w_ang_t=w_ang;                              % if wind is assisting 
    end                                             % or opposing directly 
  
  
    x_corr=(c_wind*cos(w_ang)*tof);                 % errors induced due 
    y_corr=(c_wind*sin(w_ang)*tof);                 % to cross-wind 
  
    x3c=x3n+x_corr;                                 % position due to 
    y3c=y3n+y_corr;                                 % cross-wind error 
    z3c=z3n; 
  
  
    var3c=abs(atan((y3c-y2n)/(x3c-x2n)));           % calculation and 
    if x3c>x2n && y3c>y2n                           % decision of the 
        hdng3c=var3c;                               % direction of heading 
    elseif x3c<x2n && y3c>y2n                       % 0 to pi or 0 to -pi 
        hdng3c=pi-var3c; 
    elseif x3c<x2n && y3c<y2n 
        hdng3c=-(pi-var3c); 
    elseif x3c>x2n && y3c<y2n 
        hdng3c=-var3c; 
    end 
     
%----------------------     Erroneous     path      ----------------------- 
    X=[x2n, x3c]; 
    Y=[y2n, y3c]; 
    Z=[z2n, z3c]; 
    meshgrid(X,Y,Z); 
    plot3(X,Y,Z,'LineWidth', 2, 'Color', 'red'); 
%------------------------------------------------------------------------- 
  
  
     
% Maneuver for inducing error for directly assisting or opposing cross-wind    
  
    if (abs(hdng3c-w_ang_t)>=0 && abs(hdng3c-w_ang_t)<=0.1) ||... 
            (abs(abs(hdng3c-w_ang_t)-pi)>=0 &&... 
            abs(abs(hdng3c-w_ang_t)-pi)<=(5*pi/180)) 
        z3t=z3c-alt/50; 
  
        if hdng3c<hdng3 
            sgnt=1; 
            thetat=-hdng3c; 
            phit=pi/2; 
        else 
            sgnt=-1; 
            thetat=pi+hdng3c; 
            phit=pi; 
        end 
  
        bt=sqrt((tgt(1)-x3c)^2+(tgt(2)-y3c)^2);     %calculations for                    
        err_ang=pi-(0.5*pi/180)-abs(hdng3c)/2;      % inducing error 
        ct=sin(0.5*pi/180)*(bt/sin(err_ang));       % in trajectory 
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        rt=abs(ct/(2*sin((thetat-phit)/2)));        % radius and pitch of 
        pt=abs((z3t-z3c)/(phit-thetat));            % turn maneuver 
         
     
        t=thetat-0.1:0.1:phit+0.1;                  % plotting maneuver 
        plot3(x3c+rt*sin(sgnt*t)-rt*sin(sgnt*thetat),... 
            y3c+rt*cos(sgnt*t)-rt*cos(sgnt*thetat),z3c-pt*t+... 
            pt*(thetat),'LineWidth', 2, 'Color', 'red'); 
  
        x3c=x3c+rt*sin(sgnt*phit)-rt*sin(sgnt*thetat);     % new position 
        y3c=y3c+rt*cos(sgnt*phit)-rt*cos(sgnt*thetat); 
        z3c=z3c-pt*(phit)+pt*(thetat); 
  
  
        hdng3c=-(pi-phit);                              % new heading 
  
        if hdng3c<hdng3                                     % corresponding 
            x2t=x3c;                                        % point on  
            y2t=y2n+(y2n-tgt(2))*(x2t-x2n)/(x2n-tgt(1));    % ideal 
        else                                                % trajectory 
            y2t=y3c; 
            x2t=x2n+(x2n-tgt(1))*(y2t-y2n)/(y2n-tgt(2)); 
        end 
  
        lt=sqrt((x2n-x2t)^2+(y2n-y2t)^2); 
        z3n=z3c; 
        z2t=z2n-abs(lt*tan(aoa_c)); 
        x2n=x2t; 
        y2n=y2t; 
        z2n=z2t; 
        x3n=((z3n-z2n)*((tgt(1)-x2)/(tgt(3)-z2)))+x2n; 
        y3n=((z3n-z2n)*((tgt(2)-y2n)/(tgt(3)-z2n)))+y2n; 
    end 
     
%-------------------------------------------------------------------------- 
  
  
    mag3_tgt=sqrt((x3c-tgt(1))^2+(y3c-tgt(2))^2); 
    alpha3c=acos((x3c-tgt(1))/mag3_tgt);            % angle to check error 
     
     
%-----------------   Error correction turn maneuvers    ------------------- 
    if abs(alpha3-alpha3c)>(0.5*pi/180)     % check: error within 0.5 deg? 
  
        beta=abs(hdng3-hdng3c); 
        b=sqrt((x2n-x3c)^2+(y2n-y3c)^2); 
        d32n=sqrt((x2n-x3n)^2+(y2n-y3n)^2);  
  
        x4=x2n+2*d32n*cos(hdng3);           % position desired after turn 
        y4=y2n+2*d32n*sin(hdng3); 
  
        c=sqrt((x4-x3c)^2+(y4-y3c)^2); 
  
        z4=z2n-2*d32n*tan(aoa_c); 
  
        zeta=asin(b*sin(beta)/c); 
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        r=c/(2*sin(beta+zeta));             % radius of turn helix 
  
        u=0.9;                              % tuen containment ratio 
  
        if (pi-abs(hdng3))>w_ang 
            sgn1=1; 
            theta=-hdng3c; 
        elseif (pi-abs(hdng3))<w_ang        % two cases of turn maneuvers 
            sgn1=-1; 
            theta=pi+hdng3c;                % theta is entry angle 
        end 
  
        phi=u*(theta+2*(beta+zeta));        % phi is exit angle of helix 
  
        p=(z3c-z4)/(phi-theta);             % pitch of helix 
        hel_ang=atan((z3c-z4)/((phi-theta)*(2*pi*r))); 
  
        t=theta-0.1:0.1:phi+0.1;            % plotting turn maneuver 
        plot3(x3c+r*sin(sgn1*t)-r*sin(sgn1*theta),y3c+r*cos(sgn1*t)-... 
            r*cos(sgn1*theta),z3c-p*t+p*(theta),... 
            'LineWidth', 2, 'Color', 'red'); 
  
        x3c=x3c+r*sin(sgn1*phi)-r*sin(sgn1*theta);      % new position 
        y3c=y3c+r*cos(sgn1*phi)-r*cos(sgn1*theta); 
        z3c=z3c-p*(phi)+p*(theta); 
  
        theta1=pi-phi;                          % entry angle for aligning  
                                                % turn maneuver 
        if (pi-abs(hdng3))>w_ang 
            phi1=pi+hdng3;                      % phi1 is exit angle 
        elseif (pi-abs(hdng3))<w_ang            % two cases considered 
            phi1=-hdng3; 
        end 
  
        nu=(1-u)*phi/u;                         % related calculations 
        lmda=phi1-theta1; 
  
        c_d=2*r*sin(nu/2); 
  
        c1=c_d*sin(pi-(nu/2)-lmda)/sin(lmda/2); 
         
        r1=c1/(2*sin(lmda/2));                  % radius of aligning turn 
  
        h1=x3c-r1*cos((pi/2)+theta1); 
        k1=y3c-r1*sin((pi/2)+theta1); 
  
        x4=r1*cos((pi/2)+theta1)+h1;            % desired exit position 
        y4=r1*cos((pi/2)+theta1)+k1; 
  
        l1=sqrt((x4-x2)^2+(y4-y2)^2); 
        z4=z2-l1*tan(aoa_c);                     
  
        p1=(z3c-z4)/(phi1-theta1);              % pitch of aligning turn 
  
        t=theta1-0.1:0.1:phi1+0.1;              % plotting aligning turn 
        plot3(x3c+r1*sin(-sgn1*t)-r1*sin(-sgn1*theta1),y3c+... 
            r1*cos(-sgn1*t)-r1*cos(-sgn1*theta1),z3c-p1*t+p1*(theta1),... 
            'LineWidth', 2, 'Color', 'red'); 
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        x3c=x3c+r1*sin(-sgn1*phi1)-r1*sin(-sgn1*theta1);    % new position 
        y3c=y3c+r1*cos(-sgn1*phi1)-r1*cos(-sgn1*theta1); 
        z3c=z3c-p1*(phi1)+p1*(theta1); 
  
        lf=abs((z3c-z2n)/(tan(aoa_c))); 
  
        xf2=xf1+lf*cos(hdng3c); 
        yf2=yf1+lf*sin(hdng3c);                 % positions on the 
        zf2=z3c;                                % non-corected trajectory 
  
        X=[xf1, xf2]; 
        Y=[yf1, yf2];                           % plotting non-corrected 
        Z=[zf1, zf2];                           % trajectory 
        meshgrid(X,Y,Z); 
        plot3(X,Y,Z,'--', 'Color', 'green'); 
  
    end 
    x2n=x3c; 
    y2n=y3c; 
    z2n=z3c; 
  
    xf1=xf2; 
    yf1=yf2; 
    zf1=zf2; 
  
end 
%=======================   Main  control  loop  ends   ==================== 
  
  
r7=1000;                                        % radius around target 
                                                % to be reached 
  
r5=(sqrt((x3c-tgt(1))^2+(y3c-tgt(1))^2)-r7)/2;  % radius of 1st part of 
                                                % low alt. trajectory 
                                                 
theta5=-hdng3;                                  % entry angle 
phi5=theta5+pi;                                 % exit angle 
z5=z3c-100; 
p5=abs((z3c-z5)/(phi5-theta5));                 % pitch of helix 
  
t=theta5:0.1:phi5+0.1;       % plotting 1st part low altitude trajectory 
plot3(x3c+r5*sin(t)-r5*sin(theta5),y3c+r5*cos(t)-... 
    r5*cos(theta5),z3c-p5*t+p5*(theta5),'LineWidth', 2, 'Color', 'red'); 
  
x5=x3c+r5*sin(phi5)-r5*sin(theta5);         % new position 
y5=y3c+r5*cos(phi5)-r5*cos(theta5); 
  
r6=2*r5;                    % radius of 2nd part of low alt. trajectory                  
theta6=-(pi+hdng3);         % entry angle 
phi6=pi/2-hdng3;            % exit angle 
z6=z5-200; 
p6=abs((z5-z6)/(phi6-theta6));  % pitch of helix 
  
t=theta6:0.1:phi6+0.1;      % plotting 2nd part of low alt. trajectory 
plot3(x5+r6*sin(t)-r6*sin(theta6),y5+r6*cos(t)-r6*cos(theta6),... 
    z5-p6*t+p6*(theta6),'LineWidth', 2, 'Color', 'red'); 
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x6=x5+r6*sin(phi6)-r6*sin(theta6);          % new position 
y6=y5+r6*cos(phi6)-r6*cos(theta6); 
  
theta7=(pi/2+hdng3);                % entry angle of convergence 
phi7=pi/2;                          % exit angle of convergence 
  
%------------------------   Convergence loop    --------------------------- 
while z6 > 200 
  
    phi7=phi7+pi; 
    z7=z6-100; 
    p7=abs((z6-z7)/(phi7-theta7)); 
  
    t=theta7:0.1:phi7+0.1;              % plotting convergence 
    plot3(x6+r7*sin(-t)-r7*sin(-theta7),y6+r7*cos(-t)-r7*cos(-theta7),... 
        z6-p7*(t)+p7*(theta7),'LineWidth', 2, 'Color', 'red'); 
  
    x7=x6+r7*sin(-phi7)-r7*sin(-theta7); 
    y7=y6+r7*cos(-phi7)-r7*cos(-theta7); 
  
    theta7=phi7; 
  
    r7=0.75*r7;                         % convergence with 25% reduction 
                                        % in every pi radians of turn 
    z6=z7; 
    x6=x7; 
    y6=y7; 
  
end 
%-------------------------------------------------------------------------- 
  
  
  
r8=r7; 
z8=z7; 
desc=(phi7/(2*pi))-floor(phi7/(2*pi)); 
if desc==0.25 
    phi7=pi/2; 
else 
    phi7=3*pi/2; 
end 
  
%--------------    Final   descent   maneuver   loop     ------------------ 
while z8>=0 
  
    theta8=phi7;                    % entry angle 
    phi8=theta8+0.5;                % exit angle 
  
  
    t=theta8:0.1:phi8;              % plotting final descent 
    plot3(x7+r8*sin(-t)-r8*sin(-theta8),y7+r8*cos(-t)-r8*cos(-theta8),... 
        z7-p7*(t)+p7*(theta8),'LineWidth', 2, 'Color', 'red'); 
  
    x8=x7+r8*sin(-phi8)-r8*sin(-theta8);        % final position 
    y8=y7+r8*cos(-phi8)-r8*cos(-theta8); 
    z8=z7-p7*(phi8)+p7*(theta8); 
  
    phi7=phi8; 
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    z7=z8; 
    x7=x8; 
    y7=y8; 
  
end 
%-------------------------------------------------------------------------- 
  
  
lf=abs((z2n-tgt(3))/(tan(aoa_c))); 
  
xf2=xf1+lf*cos(hdng3c);                 
yf2=yf1+lf*sin(hdng3c); 
zf2=tgt(3); 
  
X=[xf1, xf2]; 
Y=[yf1, yf2];                           % plotting non-corrected trajectory 
Z=[zf1, zf2]; 
meshgrid(X,Y,Z); 
plot3(X,Y,Z,'--', 'Color', 'green'); 
  
  
xlabel ('Distance in X-direction, feet'); 
ylabel ('Distance in Y-direction, feet');   % labels for the plot axes 
zlabel ('Altitude, feet'); 
axis image;                                 % scaling of the plot area 
  
  
  
error=sqrt((tgt(1)-x8)^2+(tgt(2)-y8)^2)     % error in landing position 
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Appendix 2. Variables Involved in Simulation code 

The various variables involved in the simulation code have been furnished in this listing. 

These are different from the ones involved in the general calculations in this work, those 

have been listed at the beginning. 

 

Variable name Description 
 

adpt Adaptation distance (in Z-direction) 
alpha3 Angle made by the ideal position at the target point with the X-

axis 
alpha3c Angle made by the actual position at the target point with the 

X-axis 
alt Altitude of parafoil deployment 

angle Initially required heading 
aoa Initial angle of attack 

aoa_c Corrected angle of attack to be maintained 
b Variable to calculate radius of correction turn maneuver 

beta Variable to calculate radius of correction turn maneuver 
bt Variable to calculate radius of induced error turn maneuver 
c Variable to calculate radius of correction turn maneuver 
c1 Variable to calculate radius of alignment turn maneuver 
c_d Variable to calculate radius of alignment turn maneuver 

c_w1, c_w2, 
c_w3 etc 

Cross-wind velocity in the different bands of altitude, c_w1 
being the closest to ground and c_w5 being the farthest. 

c_wind Cross-wind velocity in pertinent band 
ct Variable to calculate radius of induced error turn maneuver 

d32n Distance of preceding position to ideal position for correction 
turn 

desc Angle at the end of convergence with respect to zero 
distx Distance of deployment point in X-direction 
disty Distance of deployment point in Y-direction 

err_ang Variable to calculate radius of induced error turn maneuver 
error Final error (distance) in landing site w.r.t. target 

g Gravitational Acceleration 
h1, k1 Center of the second turn maneuver 
hdng Initial heading of the parafoil 
hdng3 Heading of the corrected point on ideal trajectory 
hdng3c Heading of the point after induction of error due to wind 

k Constant to calculate the time of flight 
l1, lt, lf etc. Distance traveled in the XY plane (projected distance). 
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lmda, nu Angles to calculate radius of alignment turn maneuver 
mag2_tgt, 
mag3_tgt 

Distance of corrected position and erroneous position from the 
target point 

p, p0, p1 etc. Pitches of different helical turn maneuvers 
phi, phi1, phi5 

etc. 
Exit angles of different helical turn maneuvers 

r, r0, r1 etc. Radii of different helical turn maneuvers 
s Distance traveled, required for calculating time of flight 

sgn, sgn1, sgnt 
etc. 

Signs to decide the sense of helices (CW or CCW) 

t Variable incremented to construct helices 
tgt Target point, matrix of position coordinates 

theta, theta1 
etc. 

Entry angles of different helices 

tof Time of flight 
u Variable to contain the first turn maneuver 

var3c Variable to calculate heading of the vehicle 
w_ang Cross-wind angle for a particular altitude band 

w_ang1, 
w_ang2 etc. 

Cross-wind angles in different altitude bands with the X-axis 

x1, x2, x3 etc.  X-coordinates of different points 
y1, y2, y3 etc. Y-coordinates of different points 
z1, z2, z3 etc. Z-coordinates of different points 

zeta Variable required to calculate radius of 1st turn maneuver 
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Appendix 3. Design of Controlled Landing Subsystem 

 

The Controlled Landing Subsystem includes different components to control of 

the flight of the parafoil. The parafoil is controlled by manipulating the lengths of the 

suspension cords. This is achieved by winding a measured length of the cords on a spool 

using servomotors. The servomotors form a part of the servosystem along with the 

microcontroller board. The microcontroller contains a control code that governs the entire 

process. In addition to this there is a Black Box avionics unit to take readings for descent 

rates, accelerations, orientations and magnetic flux readings.  

A3.1 Microcontroller 

The Microcontroller unit acts as the brain of the entire system. It not only 

executes the commands in the program stored on it but also converts the inputs from 

devices and produces signals to perform some mechanical operations. The 

microcontroller is a computer-on-a-chip. It is a type of microprocessor emphasizing self-

sufficiency and cost-effectiveness, in contrast to a general-purpose microprocessor found 

in PCs. It is commercially available as Original Equipment Manufacturer (OEM) 

component and can easily be programmed in the recommended programming language to 

perform desired operations.  

In this system, the microprocessor will process the inputs from the Global 

Positioning System (GPS) and Differential GPS (DGPS) into a format compatible with 

the program. The GPS sensor is used to acquire real-time coordinates of the vehicle. The 

DGPS receiver is used to acquire accurate angular coordinates of the vehicle with respect 
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to fixed reference points on the ground. These are standard reference points set in DGPS 

system. The angular coordinates of the Ground Station are compared with the vehicle 

angular coordinates to compute the angular coordinates with respect to the Ground 

Station. These inputs will then act as the input variables to the program which will then 

calculate the amount of rotation and issues the commands to the servos which govern the 

maneuvers of the parafoil. This microcontroller can be separate from the one controlling 

the HABS bus. This is to keep the operations of both the modules independent of each 

other.  

The microcontroller selected here (Figure A3.1Error! 

Reference source not found.) is the BASIC Stamp 2px Module 

manufactured by Parallax, Inc [20]. This microprocessor has a 

processor speed of 32MHz and has sufficient on-board memory to 

host a code with 4000 instructions. The programming language to 

be used for programming is P-BASIC and has a capability of 

controlling 16 inputs and output ports.  

       Figure A3.1: Microcontroller Board 

A3.2 Adaptation for Microcontroller Program 

This section explains the changes and modifications to be done to the simulation 

program in order to adapt to the microcontroller code. These are just instructions and not 

the actual code. 

 95



 

A3.2.1 Inputs 

The inputs from the GPS are fed into the microcontroller which gives the position 

coordinates of the parafoil deployment point. These coordinates are normally in the form 

of a packet of information and the microcontroller will have a line of code that filters out 

the required data. These data values are stored under different pointers. Preferably the 

same variable name will be used that has been used in the simulation to avoid confusion. 

The following Error! Reference source not found. Figure A3.2 explains the procedure. 

 

Figure A3.2: GPS Data Packet Filtering and Code Execution  

A3.2.2 Angle of Attack Setting 

The servosystem calculates the angle of attack required to reach the target point 

along the ideal trajectory, as mentioned previously. This is calculated on the basis of the 

data provided by the manufacturer regarding the descent rates and angles of attacks. This 

is a reference setting and the remaining maneuvers are done so as to remain close to this 

setting. 
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A3.2.3 Straight Line Paths 

All the straight line paths are traversed without any change in the servosystem 

setting. This is true even during the cross-wind regime. The vehicle will not correct for 

the heading until it receives the command from flight software to do so based on the 

angular position. 

A3.2.4 Error Checking 

The flight software receives the position error data from the DGPS. If this error 

exceeds the acceptable value, the microcontroller calculates the radius and pitch required 

for the turn maneuver. 

A3.2.5 Turn Maneuver 

The turn maneuver is actuated by rotating the servo, carrying a spool, through a 

metered rotation. This spool, which has the suspension lines connected to it, winds the 

lines to bank the parafoil in order to do a turn maneuver. The following relations give the 

details of the control parameters of the servo computed by the microcontroller. 
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Figure A3.3: Mechanics of Turn Maneuver (Figure 2.4 repeated) 

 

1, tan
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Where, 

For larger values of ‘l’, the average length of the suspension cords, the following relation 

holds true. 

 'l l b α− ≈ ×   

where,

  

( )

' (

l average length of the suspension cords normally

l reduced length of the suspension cords while turning

b span of the parafoil

≡

≡

≡

)

The length of the cord rotated on the spool is hence, 

. This is also the arc through which the spool 

rotates to produce the required turn maneuver. 

'l l−

Then,  '
s

s s

l l b
r r

αθ
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Figure A3.4: Angle of Rotation 
(Figure 2.5 repeated)  

where, 

s

s

r radius of spool on the servo

angle through which the spool is rotated for the maneuverθ

≡

≡
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Similar computation is used to rotate the third spool, meant for changing the angle of 

attack of the parafoil. 

A3.3 Servo Control Unit 

The Servo Control Unit in the adjoining Figure A3.5Error! Reference source 

not found. consists of three servomotors, a micro-controller unit and a control program. 

The coordinates from the GPS unit are inputs to the control program. The program then 

controls the servomotors through the Microcontroller unit. The servomotors through 

application of an accurate amount of rotation help maneuver the parafoil [21]. 
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Figure A3.5: Servosystem 

The interface between the board and the servos is a servo control circuit as shown in the 

Figure A3.6Error! Reference source not found.. 
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Figure A3.6: Servomotor Driving Circuit During Auto Mode 

As shown in this figure the microcontroller produces pulses RB1 and RB2 to 

drive the servos. The servos get the power from the power source. The servo is operated 

when the microcontroller pulse is high as the transistor shown prevents the servo from 

rotating when the pulse voltage is low. Thus we get a controlled and metered rotation of 

the servos. The above circuit is simulated for standard Futaba S-148 Servos powered 

using 9V batteries. The values of voltages, resistors, etc. shown in the diagram have been 

calculated the considered servos and not for the ones to be used on the CLS. However, 

the basic circuit will remain the same with minor changes. 

A3.4 Manual Control of the Terminal Landing Phase 

The manual control of the terminal landing phase is a crucial addition to the CLS. 

The automatic control of the flight is designed to land the vehicle with a minimal error at 

the target point. However, the landing is jeopardized if the target point is surrounded by a 

topology that is not suitable completely for landing. This can be the case if the presence 

of tall buildings, trees, bushes, power lines and towers and similar other factors. The 
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manual control will not only provide the control of the flight to the flight operator, but 

also downlink a live video feed from the vehicle to the Ground Station which will aid 

control by the operator. 

The main components of the manual control of the terminal phase are the radio 

control system, radio controlled switch, radio joystick transmitter, camera cluster etc. 

A3.4.1 Radio Control Equipment 

The radio control (RC) equipment consists of five major components, a receiver, a 

filter, an amplifier, a driving circuit and an 

actuator. Integral receiver, filter and amplifier 

unit, are used onboard. A schematic is shown in 

Figure A3.7Error! Reference source not found.. 

      Figure A3.7: Schematic for Radio Control System 

The frequency that is a standard for amateur and educational purpose is 72-75 

MHz, but higher frequencies can be used proper permissions from FCC (www.fcc.gov) 

and by changing crystals in the receivers and transmitter appropriately. The need to do 

this is through the necessity of not finding any interference while in operation, as the 72-

75 MHz frequency is common in many radio controlled equipment and toys. 

A3.4.2 Radio Controlled Switch 

The actuator mentioned in the Radio Control System is the radio control switch. 

This switch is included in the servo control circuit with an always on configuration. On 

receiving a signal of manual override from the operator, the ‘always closed’ type RC 
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switch turns off and the microcontroller is prevented from operating the servos any more. 

Two more ‘always open’ type RC switches are closed by this uplink.  

These switches bring the RC relay switches in the circuit. The RC relay switches 

produce pulses to drive the two servos independently. This circuit is similar to the 

automatic control circuit with the operator controlling the rotation of the servo. The 

Figure A3.8Error! Reference source not found. below explains the basic working of 

this circuit.  

 
Figure A3.8: Servomotor Driving Circuit During Manual Mode 

The circuit is controlled in conjunction with the received radio feed by the operator using 

the joystick transmitter. The frequency of the transmission depends upon the crystal in 

both, the joystick transmitter as well as the radio receiver in the vehicle. 
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A3.4.3 Radio Joystick Transmitter 

This type of transmitter is essentially similar to the ones used for control of RC 

planes and cars. The general switch layout is shown below in Figure A3.9Error! 

Reference source not found..  

 

Figure A3.9: Typical Joystick Controller 

The master power switch uplinks the command to the radio controlled switches to switch 

from auto to manual mode. The dual joysticks are used to control the rotation of the 

servos. In effect, the joysticks are used to do a maneuver and hence control the flight of 

the parafoil. 
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A3.4.4 Camera Cluster 

To aid the manual control of the vehicle, four wireless cameras will be arranged 

in the vehicle to give the operator a better view of the landing site and surrounding 

topology. Three of these cameras will be placed on the three sides, one on front and 

remaining two on the side faces. The fourth CCTV camera will be placed facing the 

zenith on the topmost face so as to see the balloon and then the parafoil. There will be 

few digital imaging cameras, one facing the front, one facing the nadir and one facing the 

zenith. The Figure A3.10Error! Reference source not found. shows a proposed 

placement of the cameras. This is just a schematic and only indicates the positions of the 

cameras. In the actual installation of the cameras, care is taken to shield the camera from 

the cold weather and preventing the lenses from fogging. All the cameras will be placed 

with the view axis tilted, making an angle of -30º. This angle depends upon the field of 

view angle of the camera itself. 
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Figure A3.10: Proposed Configuration and Placement of Camera Cluster 

The wireless cameras normally stay off during the flight and will be switched on once the 

joystick control switches to manual control. Only then will these cameras start 

transmitting the feed which will be acquired and processed by the wireless receivers at 

the ground station. 

A3.5 Black Box Avionics Unit 

It is necessary to analyze and record different parameters of the environment in 

which the flight of the vehicle takes place. This can help in determining the flight 

conditions and then modify the HABS systems as required. So a device which can sense 

and acquire all these parameters was conceptualized. This device is similar to a Black 

Box that is used in an aircraft to record data. So this unit is also called a Black Box.  
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 The desired flight parameters will be sensed and acquired by the sensors and data 

acquisition elements of the Black Box. These sensed data are stored on board using the 

main computer board. The data can be analyzed once the vehicle lands. 

 A COTS navigation unit called as Crossbow Micro-Nav which uses the Stargate 

controller board manufactured by Crossbow Technology Inc. is also available. It has been 

discussed at length in following sections. 

The Black Box will primarily contain the following components: 

1. Data Acquisition System 

2. 3-Axis Accelerometer 

3. 3-Axis Rate Gyro 

4. Temperature sensor 

5. Pressure sensor 

6. Magnetometer 

 

The parameters that will be recorded are: 

a. Time 

b. Temperature 

c. Rotation (about all the three axes)  

d. Acceleration (about all the three axes) 

e. Magnetic Heading (in all the three mutually perpendicular directions) 

f. Pressure Altitude 
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A3.5.1 Indigenous Development 

An indigenous Black Box was developed by the research team at the University 

of Kansas during the course of time. The components of the same are as follows. 

A3.5.1.1 Data Acquisition System

 The system that will be used is the Low Cost 

Digital I/O Device for USB, NI USB-6501 in Figure 

A3.11Error! Reference source not found.. This 

device is manufactured by National Instruments. Its 

features are as follows [22]. 

                     Figure A3.11: Data Acquisition System  

• Small, portable digital I/O device 24 digital I/O lines, one 32-bit counter 

• Overvoltage protection, 8.5 mA current drive 

• USB 2.0 full-speed (12 Mb/s) bus interface 

• IDC mass termination connectivity 

• Comes with software compatible with Windows, Linux and Mac OS. 

A3.5.1.2 3-Axis Accelerometer

 The 3-Axis accelerometer in Figure 

A3.12Error! Reference source not found. that is used 

is the ACH-04-08-05 Analog Test PCB manufactured 

by Measurement Specialists, Inc. This product has 

following features [23]. 
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            Figure A3.12: 3-Axis Accelerometer 

• Signal Conditioned 3-axisAccelerometer 

• Three Simultaneous Analog Outputs 

• High-Pass Filter @ 0.34Hz 

• Low-Pass Filter @ 185Hz 

• Low-impedance Output 

• Integrated Thermal Shield 

A3.5.1.3 Rate Gyro 

 Three single axis rate gyros of the type, Low Cost Gyro LCG50, manufactured by 

BEI Technologies, Inc., in Figure A3.13Error! 

Reference source not found. will be used. The 

three gyros will be mounted in a mutually 

perpendicular fashion for obtaining the rotational 

velocity about all the three axes.  

           Figure A3.13: Rate Gyro 

 

 

Following features have been specified for the accelerometer 

• Low Power Consumption 

• High Reliability 

• Wide Operating Temperature Range 

• Small Size 
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• Fast Start-Up 

• DC In DC Out 

• Temperature Sensor Output 

A3.5.1.4 Temperature Sensor

 A thermocouple probe will act as the temperature sensor. The accelerometer units 

are capable of measuring temperature. These are hence used for measuring the internal 

temperature of the system.  

A3.5.1.5 Pressure Sensor

 A Motorola Integrated Silicon Pressure Sensor MPXA4100AC6U will be used for 

pressure sensing. With the addition appropriate capacitors it is capable of recording 

pressures well below sea level atmospheric pressures. Connections and the sensor are 

shown in Figure A3.14Error! Reference source not found. below [25]. 

 

Figure A3.14: Pressure Sensor and Electrical Circuit 

This type of pressure sensor has following features. 

• 1.8% Maximum Error Over 0° to 85°C 

• Specifically Designed for Intake Manifold Absolute 

• Pressure Sensing in Engine Control Systems 

 110



 

• Temperature Compensated Over –40°C to +125°C 

• Durable Thermoplastic (PPS) Surface Mount Package 

A3.5.1.6 Timer/Counter

 The port P2.7 in the Data Acquisition System is programmed to work as a timer. 

It will start recording time as soon as it is programmed. 

A3.5.1.7 Power Regulation Circuit

The following requirements must be met for the power regulation circuit. 

• Most of the components work on a 5V DC voltage. So suitable circuit should be 

designed that will be capable of bringing a potential drop from a higher voltage to 

a lower value. A 9V battery can be used for example and the voltage drop can be 

achieved by including suitable resistors in tandem with the battery. 

• The inputs to be given to the Data Acquisition system are required to be digital. 

While all the components produce an output voltage that is analog. This output 

voltage is to be fed into the DAQ. So the analog output voltages need to be 

converted to digital ones using Analog to Digital converters. 

• All the components will have a common ground and common input voltage of 

5V. 

The following Table A3.1Error! Reference source not found. shows the port 

distribution of the Data Acquisition System. 

Table A3.1: Pin Distribution for Black Box Aviation Kit Sensors 

Component Name Component Details Ports 
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available/required 

Data Acquisition system NI USB DAQ board 24 ports 

Time Present in Data acquisition system 1 port 

Temperature (external) Thermocouple 1 port 

Temperature (internal) Rate Gyro 1 port 

Rotation Rate Gyro 3 ports 

Acceleration 3-axis accelerometer 3 ports 

Pressure Altitude Altimeter 1 port 

  Total 10 ports used 

of 24 ports 

 

 Power Supply 

 All the sensors need an input voltage of 5 VDC. However, no DC voltage source 

with an output of 5V is commercially available. Hence it is necessary to step down the 

voltage from a source to the required voltage. This is shown in Error! Reference source 

not found.   

A constant voltage of 5V can be generated from a 9V DC source by including an 

IC and proper circuitry. This IC is known as LTC1515-3.3/5 and is manufactured by 

Linear Technology Corporation, CA (www.linear-tech.com). The LTC1515-3.3/5 is a 

micro-power switched capacitor DC/DC converter that produces a regulated output 

voltage by either stepping up or stepping down the input voltage. Output voltage is 

programmable to either 3.3V or 5V using a logic pin. A unique architecture allows the 

parts to accommodate a wide input voltage range (2V to 10V) while maintaining ±4% 

 112

http://www.linear-tech.com/


 

regulation. Additional circuitry prevents excessive inrush current and output voltage 

ripple when large VIN to VOUT differentials are present [26]. 

 

Figure A3.15: Power Regulation Circuit for Black Box Avionics Unit. 

All the sensors are connected in parallel to distribute the output current while 

supplying the same 5V DC voltage to every sensor. The output current is 50mA which is 

greater than the current rating of any of the sensors used individually. A parallel circuit 

distributes the current to the sensors as per their ratings and they are prevented form any 

damage. Pin 3 is the logic pin to maintain the output voltage as either 3.3V or 5V. 5V 

output is obtained if the logic level at this pin is high and 3.3V is obtained when the logic 

level is low. For maintaining the logic high a 1.5V watch battery can be used. The pin 

nomenclature is given in Table A3.2Error! Reference source not found.. 

Table A3.2: Pin Distribution for LTC 1515-3.3/5V Power Regulator 

Pin # Label Description Pin # Label Description 
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1 SHDN Shutdown 5 C1- Capacitor C2 negative pin 

2 POR Power-on-Reset 6 C1+ Capacitor C1 positive pin 

3 5/3.3 5/3.3 V output logic pin 7 Vin Input Voltage 

4 GND Ground 8 Vout Output Voltage 

A3.5.2 Crossbow Micro-Nav Navigation Unit 

The Micro-Nav unit consists of a processor board and a sensor board. The 

processor board is called the Stargate Kit and the sensor board is called the Micro-Nav 

sensor board. The analysis software is open source and is provided by the manufacturer. 

A3.5.2.1 Stargate kit 

The Stargate is a high-performance processing platform designed for sensor, signal 

processing, control, and wireless sensor networking applications. The Stargate is based 

on Intel’s Xscale® processor, and it is the same processor found in most of today’s 

handheld computers. This is only a processing 

and data acquisition board. Additional sensors 

have to be interfaced with this board to build a 

complete sensor control board. Figure 

A3.16Error! Reference source not found. 

shows the Stargate board. The features for this 

component are as follows. 

          Figure A3.16: Stargate Kit 

 
• 32-bit, 400 MHz Intel PXA-255 XScale RISC processor.  
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• 32 MB of Flash memory.  

• 64 MB of SDRAM.  

• 1 Type II Compact Flash+ Slot.  

• 1 PCMCIA Slot, USB, RS-232 serial port and JTAG interface options. 

• Wired Ethernet via a 10/100 Base-T Ethernet port  

• Weight: 3.1 oz (89 grams) 

A3.5.2.2 µNAV navigation sensor board 

The µNAV (MNAV100CA) is a calibrated digital sensor and servo control 

system designed for use in Radio Control R/C vehicles. The onboard sensor package 

includes accelerometers, angular rate sensors, and magnetometers for use in inner loop 

control applications as well as static pressure (altitude) and dynamic pressure (airspeed) 

sensors for use in airborne robotics. A 

GPS sensor is also included for both 

path planning and navigation. Figure 

A3.17Error! Reference source not 

found. shows the µNAV navigation 

sensor board [27].  

     Figure A3.17: µNAV Navigation Sensor Board 

The sensors used on this board are as indicated by Table A3.3Error! Reference 

source not found.. 
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Table A3.3: Crossbow µNAV Sensors Description 

Sensor Type  Sensor Name  Manufacture  

Angular rate  ADXRS150ABG  Analog Device (http://www.analog.com)  

Accelerometer  ADXL202JE  Analog Device (http://www.analog.com)  

Magnetometer  HMC1052  Honeywell (http://www.ssec.honeywell.com)  

Magnetometer  HMC1051ZL  Honeywell (http://www.ssec.honeywell.com)  

Pressure gage  MPXV5004GC6U Motorola(Freescale) (http://www.freescale.com)  

Pressure abs  MPXH6115A6U  Motorola(Freescale) (http://www.freescale.com)  

GPS receiver  TIM-LP  U-Blox (http://www.u-blox.com)  

 

The µNAV navigation board has following specifications. 

• Update Rate: (Hz) 2-100 User Programmable 

• Angular Rate Range: ± 150 

• Acceleration Range X/Y/Z:  ± 2g 

• Inertial Sensor Bandwidth: > 25 -3 dB point 

• Magnetometer Range: ± 0.75G 

• Altitude Range: 0-5000 m, MSL 

• Airspeed Range: 0-80 (m/s) 

• GPS Accuracy: 3m CEP 

• Operating Temperature: -5 to +45°C 

• Input Voltage: 3.7 to 16 VDC 

• Power Consumption: < 0.8 W at 5 VDC 
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• Size: 5.70cm x 4.50cm x 1.10cm 

• Weight: 33 grams 

As can be noticed this unit has some sensors that might not work in the environment 

in which the AHABS is supposed to operate. The accelerometer has a capacity of mere 

±2g which for AHABS might be insufficient. The pressure sensors have a maximum 

operable altitude of 5000m which is about 16,500 feet. But AHABS will operate at 

altitudes above 100,000 feet at times. So the sensors respective to these parameters have 

to be changed.  

A3.6 Hover Subsystem 

Another subsystem that being developed parallel to the CLS for the AHABS was 

the Hover Subsystem. Though this was developed independent of the CLS, it deserves a 

mention here. 

The main objective behind developing the Hover System was to make the 

AHABS capable of hovering at a fixed altitude for fixed amount of time. This would 

enhance the capability of AHABS in testing instrument systems or conducting 

experiments at a particular altitude for longer time. Also, if AHABS is employed in high 

altitude imaging of the Earth, then this mechanism will provide a constant altitude for the 

imaging hardware. There can be manifold applications of this subsystem. So, the addition 

of the Hover Subsystem to the AHABS design was made. The following Figure 

A3.18Error! Reference source not found. shows the algorithm for working of the 

Hover Subsystem. 
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Figure A3.18: Operation Sequence of Hover Subsystem 

This subsystem consists of two balloons. One is the normal ascent balloon, while 

the other is called the boost balloon. This method is employed to enable rapid ascent of 

the system to the designed altitude thus minimizing time in the jet stream. Another 

advantage of the boost balloon is to provide lift to carry the weight of the ballast onboard. 

The balloon and the mass of the helium, it contains, are selected so that the maximum 

altitude that can be reached by the balloon approximately equals the required hover 

altitude. Once the required altitude is reached, the boost balloon is cut off and the hover 

algorithm is activated. The altitude is then maintained using two methods. If the balloon 

tends to ascend above the required altitude dead-band, the lift is decreased by bleeding 

off some amount of the helium in it until it descends slightly to the hover altitude. If the 

balloon, due to the leakage or release of helium starts to descend, some of the ballast, 

which is in the form of fine dry sand, is released which decreases the weight and 

increases the lift. Thus the vehicle is kept in a permissible dead band of altitude in the 
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vicinity of the hover altitude. When the mission is to be completed or there is no more 

ballast left, the balloon is disconnected using a quick disconnect joint. 

The bleed-off valve is a solenoid operated light weight valve. The ballast release 

system involves a dedicated control system which takes in the altitude value, ascent or 

descent rates and weight of the ballast left. The control system then accurately measures 

the amount of ballast released. This is done by rotating a slotted disc which acts as a 

valve near the mouth of the ballast container. To avoid the ballast getting frozen, due to 

the vapor getting frozen at high altitudes, a special type of sand, called Magic Sand was 

selected. This sand is normal sand, coated with a polymeric material, which makes it 

immune to humidity. Also, as a redundancy, the ballast sand is to be heated to some 

acceptable temperature before every flight to get rid of any water deposits. 

A3.7 Structure of Advanced HABS 

The HABS versions, I through IIIa, had a structure in which the Command and 

Control module or the main HABS was separate from the payload. But due to the 

inclusion of the Controlled Landing Subsystem and Hover Subsystem, the refining of the 

existing structure was a necessity. It was decided to develop a single structure that can 

include the HABS circuitry, the landing subsystem, the payload and the hover subsystem 

in it. To make it independent of the size of payload and to make it possible to make 

modifications just before flight, it was decided to have the Command and Control module 

as a separate sliding drawer-like part, which can be mounted in the structure just at the 

time of launch. Also it can be taken out to make any last hour modifications.  
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A3.7.1 Command and Control 

 The command and control 

assembly, as stated earlier, will be in the 

form of a tray or drawer that will slide in 

the main structure. The command and 

control assembly is as shown in Figure 

A3.19.Error! Reference source not 

found. 

      Figure A3.19: Structure of Command and Control 

                                                                                                            Assembly  

The bottom panel will have holes for the flow of heat convection currents. This 

heat transfer will take place from the ballast sand which will be heated just before launch. 

The holes will be as shown in Figure A3.20Error! Reference source not found.. It 

shows the top view and the bottom views of the panel with its dimensions.  
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Figure A3.20: Command and Control Bottom Panel 

If examined closely, it can be noticed that the panel actually is a composite plate. 

The majority portion is made out of a thin aluminum sheet. It is then lined with ½” foam 

board lining. 

 The aluminum sheet improves the heat transfer capacity of the drawer. Also it is 

helpful in fixing different components of the AHABS on this surface with the help of 

screws. Several designs were suggested for the overall structure out of which two designs 

have been documented here. One is a frameless structure and the other is a framed 

structure. 

A3.7.2 Frameless Structure 

 The frameless structure is made out of foam only. Panels are cut as shown in 

Figure A3.21Error! Reference source not found.. The exploded structure and the final 

structure are shown. Finally, the panel that acts as the lid for the structure can also be 
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seen. All the surfaces are glued together securely, which is the standard procedure on 

previous HABS structures. 

 

Figure A3.21: Assembly of Frameless Structure 

A3.7.2.1 Dimensions 

Following are the dimensions that are used to model the structure. 

Overall dimensions:  1'Length =  

   1'Width =  

   2 '5"Height =  

Avionics section:  1'Height =  

Payload section:  1
29 "Height =  

Hover system section: 1
29 "Height =  

Foam thickness:  1 "2Thickness =  
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 (This thickness is assumed considering the availability of foam boards with ½” 

thickness. Only the sandwiched panel that supports the weight of the payload consists of 

two foam panels of ¼” thickness with a Gage 25 (0.0179” thick) aluminum sheet frame 

sandwiched between these panels. So the thickness of this panel will be 0.5179” or 

13mm.)  

A3.7.2.2 Material 

The material to be used for building this entire assembly is primarily required to 

be lightweight and bad conductor of heat. In addition, it should be easy to cut and glue 

and should have sufficient strength to take the weight of the components. 

Considering these points and building upon the knowledge about the HABS versions I-

IIIa, the material suggested to be used is ½” white foam board.  

Previous versions used ¾” pink foam. The white foam board is selected here as it 

increases the internal space marginally and as it is strong enough to take the weight of the 

components due to the presence of the rigid paper layer.  

A3.7.2.3 Watertight Lid 

To make the structure watertight and yet be accessible for last minute inspection, 

the following arrangement (Figure A3.22Error! Reference source not found.) is 

suggested. 

As seen in the adjacent figure the lid fits around the frame on the front side of the 

HABS module. The module also has a thin 

rubber lining that makes this arrangement 

 123



 

further watertight. The lid will be held in place using a hook and hasp joint as shown. 

Extra redundancy will be provided by the Velcro straps running around the joint.  

Figure A3.22: Watertight Lid for Vehicle 

A3.7.3 Aluminum Framework 

The inclusion of a framework in the structure provides it 

with greater structural strength. Apart from providing better 

structural strength to the entire structure, it will also give better 

means to join the panels. Aluminum angles were chosen to build 

this framework. Figure A3.23Error! Reference source not 

found. shows the framework. 

             Figure A3.23: Framed Structure 

The angles available at local hardware store ( Figure A3.24Error! 

Reference source not found.) are of the dimensions of the cross section as 1/2” x 1/2” x 

1/16” thick.  

The weight analysis of the framework is as follows. Herein, weights of frames 

using different angles are calculated.  

Total length of aluminum angles used 

4Top panel feet=  

10 6Side panel feet and inches=  

6Intermediate trays feet=  

4Bottom panel feet=  

            Figure A3.24: Aluminum Angle 
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, 24 6Total length of angles L feet and inches=       

,Cross - sectional area of angles  

( ) ( )( )1 1 1 1 1
2 16 2 16 16" " " " " 0.0586 .A sq inches= × + − × =  

0.00041 .A sq feet∴ =  

,Then the total volume of the frame material  

V A L= ×  

0.00041 . 24.5sq feet feet= ×  

V 0.00997 . 0.01 .cu feet cu feet= ≈  

3
lb

ftDensity of Aluminum, = 169ρ  

Then the weight of thestructure,  

VW ρ= ×  

30.01 . 169 lb
ftcu feet= ×  

169W lb∴ =  

Thus the weight of the frame comes to be 1.69 pounds.      

At the corners of the structure where 

three pieces meet, all three pieces are joined 

together with the help of three buttresses as 

shown in Figure A3.25. This arrangement 

ensures a positive fit and no moments exist 

about any axis. This makes a rigid joint at the 

corners restricting motion in all the degrees of 

freedom. 
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Figure A3.25: Corner Mounting for Frame 

The placement of the panels on this frame and overall dimensions remain the 

same as the frameless structure. The only difference will be that the side panels will be a 

single piece of foam board instead of three pieces as in the case of the frameless 

structure. 

A3.7.4 Payload Section 

The payload will be placed upon a special panel. This panel will be a composite 

made by sandwiching an aluminum sheet cut-out between two ½” foam board panels. 

This surface will need to have many holes for the heat convection from the ballast below 

to the upper sections. So this section has to be strong enough to take the weight of the 

payload. This sandwiched panel will provide this strength. 

 

Appendix 4. Project Management 

 

A4.1 Organizational Chart 

The Organizational Chart (Org Chart) gives the general structure of the research team 

involved in a project of this type. The Org Chart for advanced HABS includes the 

sponsor company Fundamental Technologies, LLC (FunTech). It includes the 

development of the Controlled Landing Subsystem as well as the Hover Subsystem. 

Figure A4.1Error! Reference source not found. shows the Org Chart Advanced HABS.  
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Figure A4.1: Organizational Chart 

 

A4.2 Work Breakdown Structure 

 The Work Breakdown Structure (WBS) is a tool that gives the Project 

Management details of the project with respect to time. The following WBS shows the 

steps involved and the time plot of the same since the commencement of the project. 

There are certain tasks that appear in the WBS but are not included in this work 

elsewhere. These are particularly the tasks of assistance provided in the design of the 

Hover Subsystem. Figure A4.2Error! Reference source not found. shows the WBS for 

advanced HABS. 
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Figure A4.2: Work Breakdown Structure 
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A4.3 Functional Flow Block Diagram 

 The Functional Flow Block Diagram (FFBD) shows the detailed command flow. 

This includes all the components, the internal power connections and the detailed data 

flow. The FFBD for the Controlled Landing Subsystem has been shown below. 

 The Electrical Power Subsystem (EPS) consists of all the batteries and power 

regulation and distribution circuits. The regulated power is then supplied to the respective 

subsystems through a power bus. The CLS consists of the servomechanism, parafoil, 

GPS receivers, manual control components, imaging components and other avionics 

instruments.  

 All the sensors supply the data and coordinates to the microcontroller for 

processing through a data bus. The unprocessed data is processed by the microcontroller. 

The data required for the control of the system is processed by the microcontroller and 

used to produce motion on the servosystem. The data to be downlinked is relayed by the 

microcontroller to the Communication Subsystem which sends the required data packets 

to the Ground Station using HAM radio. The Ground station also receives the CCTV 

camera feed which is helpful in controlling the motion of the vehicle on manual override.  

The Mission Ops consists of processing of data and monitoring of the operations 

of the vehicle. It also processes the data and furnishes the results to the users and 

customers after the flight. Figure A4.3Error! Reference source not found. shows the 

FFBD for Advanced HABS. 
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Figure A4.3: Functional Flow Block Diagram 
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