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ABSTRACT
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This independent research was aimed at designing the structure of the two picosats comprising the RAFT satellite system and developing a deployment scheme for launching them from the Space Shuttle cargo bay.  This was accomplished through the use of computer aided design, rapid prototyping, and numeric simulation.  The computer simulation modeled the behavior of the satellites throughout launch and was used to verify that the satellites would deploy properly.  The RAFT satellites are slated for launch on STS-116 in the forth quarter of 2006.
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INTRODUCTION
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Mission

In recent years, more non-governmental or commercial organizations have launched small picosats (less than 10 cm) into Earth orbit.  The satellites are relatively inexpensive and offer universities and amateur organizations the ability to design and launch a satellite system for their use.  The small size of these picosats creates a problem due to their inability to be tracked by the main component of the Space Surveillance Network known as the radar fence.  This results in a large amount of untraceable space objects that can interfere with other space operations such as the Space Shuttle and International Space Station.  The inability to routinely track these picosats creates a greater risk of collision with other satellites/vehicles in Earth orbit.  Solving the problem of invisible picosats is the goal of the RAFT satellite system.

The Radar Fence Transponder (RAFT) satellite system is designed to be detectable from ground-based radar.  Its mission is to provide the Navy Space Surveillance (NSSS) radar fence with a means to determine the bounds of a constellation of picosats otherwise undetectable by the radar fence and to enable NSSS to independently calibrate their transmit and receive beams using signals from RAFT.  This will be accomplished with two picosats, one that will actively transmit and receive (RAFT1), and one with a passively augmented radar cross-section (MARScom).  Additionally, RAFT will provide experimental communications transponders for the Navy Military Affiliate Radio System (MARS), the United States Naval Academy’s Yard Patrol craft, and the Amateur Satellite Service.

Launch and Orbit


The two picosats will be carried into space onboard STS-116.  The mission of Space Shuttle on this flight will be to bring components to the International Space Station (ISS) for service and to further its construction.  The RAFT satellites will be located in a launcher inside the aft end of the Shuttle cargo bay (figure 1).  After the crew departs ISS, they will complete the last of their mission objectives including the deployment of RAFT.  When activated by a mission specialist inside the Shuttle crew compartment, a latch will move allowing the launcher door to open and the two picosats to be pushed out (figure 2).
The original separation mechanism consisted of 4 VHF/UHF antennas (2 per satellite) with springs at one end.  As a result of this study, it was determined that additional energy was required, and so springs were added to each end of the rod antennas.  These springs are compressed when the two satellites are together and provide the force to separate the satellites as well as extend the VHF/UHF antennas.  After the two satellites have left the launcher, the separation springs between them push apart the two satellites.  As they separate, they each spool out an HF antenna made of thin Nitenol wire.  The two HF antennas are connected to each other by a pair of small magnets which produce a predictable and repeatable separation force when the antennas reach full length.
Because the Shuttle must dock with the ISS, its orbit will be near-circular at an inclination of 51.6° and altitude of 175 – 185 nautical miles.  The orbital effects of the satellites launching from the cargo bay are negligible and the satellites will have an initial orbit equal to the Shuttle’s at the time of deployment.
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Figure 1. RAFT Picosats and Launcher
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Figure 2. RAFT Launch Scheme
DESIGN GOALS
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Separation Spring Assembly

The driving force behind the separation spring and VHF/UHF antenna design was the physics of the launch and separation.  The Space Test Program provided the specifications of the launching spring and placed the requirement that the aft satellite maintain no-less-than a 1 foot per second velocity away from the Shuttle’s cargo bay.  The springs used to separate the satellites must provide enough energy to push the two satellites apart, pull out the HF antenna and separate the magnets without sending the aft picosat back towards the cargo bay.  Additionally, the spring assembly would have to be mounted on the panels without interfering with the electronics of the RAFT satellites.
METHOD
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MATLAB Simulation

When originally designing and evaluating the launch and separation of the RAFT picosats, the satellite design team used energy analysis to determine final velocities of the two satellites.  This approach was inadequate because it was applied to an accelerating reference frame of the separation springs inside the satellites.  Additionally, this analysis was incapable of giving data for times between initial and final states.


Rather than determine an analytical solution to the kinetics of the satellite launch and separation, a numeric method was applied.  MATLAB was used to code and run the simulation.  Given the properties of the situation, the simulation calculated the forces acting on the satellites due to their positions, summed them and found what the acceleration on each satellites would be.  It was approximated that the satellites moved with a constant acceleration over a small delta time.  Given the new positions, the process began again until the end of the simulation.  This simulation ran for a certain time period and output various plots showing the motion of the satellites.  Successive runs of the simulation under varying spring designs allowed the determination of what springs to use for separation. 
RESULTS
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MATLAB Simulation

The objective was to use MATLAB to simulate the launch and deployment of the RAFT satellite system.  The design team ordered two sets of springs 4.75 inches in length with spring coefficients of 0.22 pounds force per inch and 0.395 pounds force per inch.  To determine how many of which spring to use, the behavior had to be understood.  The simulation output graphs of the acceleration, velocity and positions of both satellites as a function of time.  The figures below represent the final design as well as desired behavior.
*** UPDATE  Note

After testing the satellite during construction, slight modifications had to be made to the MATLAB equations.  These changes are based off of recorded values during testing.  The spring coefficients changed from 0.380 to 0.524 and the effective length of the springs were reduced from 4.75 inches down to 4.65 inches.  The updated results are tabulated below.   ***
For the lead satellite, the launcher spring provides the initial acceleration and decreases as the two satellites move down the launcher.  When the force of the launcher spring is equal to the force of the separation spring, the acceleration changes behavior and decreases as a function of distance between the satellites.  Once the separation springs are fully extended the lead satellite decelerates slightly as the tension in the HF antenna pulls against its motion.  When the HF antennas are completely spooled out, the magnet exerts a small force that acts over a short period of time.  This occurs at the point of separation.  The velocity increases from launch and reaches a maximum when the separation springs are fully extended.  As the HF antenna is spooled out, the velocity deceases until the magnets separate.  The position of the satellite is nearly linear as it moves away from the Space Shuttle.
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Figure 3. Kinetics of Lead Satellite


For the trailing satellite, the launcher spring provides the initial acceleration and deceases as a function of the satellite’s position in the launcher.  When the force of the launcher spring equals the force of the separation spring, the satellite has zero acceleration.  As the launcher spring force goes away very quickly, the separation springs decelerate the satellite and the force decreases as a function of the distance between the satellites.  The HF antenna pulls the satellite forward resulting in a slight positive acceleration.  When the magnets separate, there is a small positive acceleration for a short period of time. The velocity increases due to the launcher spring and reaches a maximum when the separation and launcher spring forces are equal.  The separation springs drastically decrease the velocity of the satellite followed by the HF antenna slowly increasing the velocity.  The position of the satellite is nearly linear as it moves away from the Space Shuttle.
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Figure 4. Kinetics of Trail Satellite

The simulation was first run with varying spring constants at varying lengths.  By varying the spring constant of the separation springs and holding spring free length constant, the best constant was found.  None of these initial configurations were able to fully deploy the satellites.  The maximum separation came from using a separation spring constant of 0.3 pound force per inch and was almost able to reach full deployment (denoted by the dashed line).  The weaker springs did not have enough force to counteract the resistance of the HF spools.  The stronger springs were stronger than the launcher spring and caused interference inside the launcher resulting in a loss of separation velocity.

[image: image15.png]— 005

<0

25 35 45
Time(s)

15

05

100

a0

2B B 8 B

(u) saales usamiag aauelsiq




Figure 5. Separation Distance for Varying Spring Constant


Of the two spring types ordered, the 0.22 pound force per inch was the closest that came to achieving maximum separation under the conditions used above.  Another simulation was run to vary the length of the spring.  The spring must have a length of at least 4.75 inches in order to fully extend the antenna assembly.  In the following figure, the lengths used are denoted by their multiple of 4.75 inches.  To achieve separation, the spring needed to have a minimum length of 6.65 inches (1.4 length multiplier).
*** UPDATE note:  At this point in the design, then it was decided to use two of these springs with one at each end.  One to push the antenna out of its own satellite, and the one on the end to provide the additional separation force on the other  satellite. ***
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Figure 6. Separation Distance for Varying Spring Length


When the ordered springs arrived, they did not have the spring constants that were requested.  The design team tested and concluded that the springs were of constants 0.63 and 0.38 pound force per inch.   Additionally, the Space Test Program altered the launcher by doubling the spring constant of the launcher.  Given this new data, and after further analysis, the configuration chosen was the 0.38 pound force per inch springs with a total length of 9.5 inches.    

But, by this time, the mechanical design was complete and there was insufficient clearance under the receiver boards for the larger diameter (0.38) springs.  This required the use of the smaller (but stiffer) springs on the free ends of the antennas while we could still use the 0.38 lpf/in springs at the base.  To use the same Matlab simulation with these combined springs, the diagram shown in figure 7 was used to arrive at the combined spring constant of the two springs together in series.  Notice that on release, the stiffer tip springs expand first until their force equals the fully compressed base springs, and then they both continue to expand together in series as shown in figure 7.
To arrive at the combined spring constant, we separately plotted the force-distance curves for the combined springs until the base spring is fully compressed, and then separately the linear curve for the tip spring for the final 2 inches.  The compressed energy is just the area under these curves and so the single spring equivalent to give the same energy  was a 0.262 lbf/in spring acting over the 9.5 inches.  But since the Matlab simulation was based on a length factor of 2 of the original single spring design, this required entering the simulation with a single (half-spring) equivalent of 0.524 lbf/in as shown in table 3.
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Figure 7.  Combined Spring Constant for .038 and .065 lbf/in Springs

With this new configuration, the satellites separate 1.72 seconds after launch and have final velocities from the Shuttle of 2.58 meters per second for the lead picosat and 1.21 meters per second for the trailing picosat.  The relative velocity between them is  1.37 meters per second.  A summary of the results is shown it table 4.
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Table 1. Satellite Characteristics
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Table 2. Launcher Spring Parameters
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Table 3. Separation Spring Parameters
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Table 4. Simulation Parameters and Results
CONCLUSIONS
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The goal of this report was to produce detailed response for the mechanical structure and separation mechanisms of the RAFT satellite system.  This was accomplished through the use of computer physics simulation to completely analyze and prove the design prior to cutting metal allowed for reduced risk and schedule concerns so that once machine shop work began, it would only have to be done once.  After mechanisms are assembled, the satellite will be fabricated and delivered to NASA for final flight testing and integration on or about 26 July 2005.  *** now 9 Jan 2006 ***

RAFT had been approved for a summer 2005 test flight on the Zero-G flight simulator aircraft.  They were to ride aboard the micro-gravity C-9 Vomit Comet and conduct multiple mock deployments of the satellites.  This would have provided the first indication of the design’s success as well as the quality of the fabrication methods used.   But as of October 2005, this zero-G project has been delayed by NASA until March 2006. 

In early 2006, when STS-116 deploys the RAFT satellite system, the two picosats  will be the fourth and fifth U.S. Naval Academy satellites to be sent into orbit.  It will establish new capabilities for the Academy as well as provide a template for detection of future picosats.
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The following provided constraints to the design:

Mission Concept and Architecture


CDR Robert Bruninga, USN (Ret.)

Launcher Specifications


NASA Satellite Test Program

External Dimensions and Constraints


NASA Satellite Test Program

Minimum Safety Standards for Satellite Deployment


NASA Satellite Test Program and Shuttle Safety Review

Appendix A – Engineering Diagrams
Appendix B – MATLAB Simulation Output
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%Calculating the Position and Velocity of Satellites
%RAFT1 and MARScom as they deploy from Launcher
clear
clc
%System Parameters
m1=4;           %Mass of Lead Satellite (kg)
m2=3;           %Mass of Trailing Satellite (kg)
wall=.25;       %Panel Thickness (in)
cube=5;         %Satellite Side Length (in)
kl=1.8;         %Spring Constant of Launcher Spring (lbf/in)
launchfree=11.75;  %Launcher Spring Free Length from back of Launcher (in)
launchcomp=0;   %Launcher Spring Compressed Length (in)
k=.524;           %Original Spring constant (lb/in)
b=2;         %Length Multiplier of 4.75in
ks=(k)/b;         %Spring Constant of Separation Springs (lbf/in)
sepfree=b*4.65;   %Seperation Spring Free Length (in)
sepcomp=b*1.194;      %Seperation Spring Compressed Length (in)
lmax=(4.5-1/8)+(b-1)*sepfree/b;       %Maximum Length of Seperation Spring (in)
g=50;           %"Force" to remove HF spool (g)
numhf=2;        %Number of HF Antennas
hflength=46;    %Length of one HF antenna (in)
%Initial Conditions
s1i=5;          %Initial Position of Lead Satellite (in)
s2i=0;          %Initial Position of Trailing Satellite (in)
v1i=0;          %Initial Velocity of Lead Satellite (m/s)
v2i=0;          %Initial Velocity of Trailing Satellite (m/s)
s1(1)=s1i*(0.0254);%Beginning of the Lead Sat Position Matrix (m)
s2(1)=s2i*(0.0254);%Beginning of the Trailing Sat position Matrix (m)
v1(1)=v1i;         %Beginning of the Lead Sat Velocity Matrix (m/s)
v2(1)=v2i;         %Beginning of the Trailing Sat Velocity Matrix (m/s)
a1(1)=0;
a2(1)=0;
t(1)=0;
dt=.001;
time=5; %time of simulation (s)
possep=0;   %Indication of Positive Separation
for i=1:1:time/dt
    %Launcher Spring Force
    xl(i)=launchfree-(s2(i)*(39.3701));   %Compression of Launcher Spring (in)
    Fl(i)=kl*xl(i);           %Force of Launcher Spring (lbf)
    Flm(i)=Fl(i)*4.44822;     %Force of Launcher Spring (N)
    stop=10;
    if xl(i)<launchfree-stop    %Launcher Spring is fully deployed and force is zero
        xl(i)=0;
        Flm(i)=0;
    end
    %Separation Spring Force
    l(i)=(s1(i)-s2(i))*(39.3701)-cube+sepcomp; %Length of Seperation Spring (in)
    xs(i)=sepfree-l(i);  %Compression of Seperation Spring (in)
    Fs(i)=ks*xs(i);           %Force of Separation Spring (lbf)
    Fsm(i)=Fs(i)*4.44822;     %Force of Separation Spring (N)
    if l(i)>lmax   %Sep spring is fully deployed and force is zero
        l(i)=lmax;
        Fsm(i)=0;
    end
    %HF Antenna
    if (s1(i)-s2(i)-5/39.3701)*39.3701<=numhf*hflength
        if v1(i)-v2(i)>0
            Fhf(i)=9.8*g/1000; %HF Spooling Tension (N)
        else
            Fhf(i)=0;
        end
    else
        Fhf(i)=0;
    end
    %HF Magnet
    md=3;   %Force distance (in)
    mdm=md*.0254;   %Force Distance (m)
    if (s1(i)-s2(i)-5/39.3701)*39.3701>numhf*hflength
        if (s1(i)-s2(i)-5/39.3701)*39.3701<numhf*hflength+mdm
            mm(i)=130;     %Mass equivalent of magnet seperation (g)
            mf(i)=mm(i)/1000*9.81;    %Force if Magnet Seperation (N)
            possep=1;   %Sets Positive Separation to Yes
        else
            mf(i)=0;
        end
    else
        mf(i)=0;
    end
    if ((s1(i)-s2(i)-5/39.3701)<=0) & ((4*Fsm(i)-Fhf(i)-mf(i))/m1<(Flm(i)-4*Fsm(i)+...
            Fhf(i)+mf(i))/m2)
            %Motion of combined satellite pair
            s1(i)=s2(i)+5/39.3701;
            F(i)=Flm(i);
            a1(i+1)=F(i)/(m1+m2);
            a2(i+1)=F(i)/(m1+m2);
            v1(i+1)=a1(i)*dt+v1(i);
            v2(i+1)=a2(i)*dt+v2(i);
            s1(i+1)=1/2*a1(i)*dt^2+v1(i)*dt+s1(i);
            s2(i+1)=1/2*a2(i)*dt^2+v2(i)*dt+s2(i);
    else
        %Motion of Lead Satellite
        F1(i)=4*Fsm(i)-Fhf(i)-mf(i);     %Sum of the Forces on the Lead Satellite (N)
        a1(i+1)=F1(i)/m1;       %Acceleration of Lead Satellite (m/s^2)
        v1(i+1)=a1(i)*dt+v1(i);       %Velocity of Lead Satellite (m/s)
        s1(i+1)=1/2*a1(i)*dt^2+v1(i)*dt+s1(i);%Position of Lead Satellite (m)
        %Motion of Trailing Satellite
        F2(i)=Flm(i)-4*Fsm(i)+Fhf(i)+mf(i); %Sum of the Forces on the Trailing Satellite (N)
        if s2(i)<=.01
            if F2(i)<0
                F2(i)=0;
            end
        end
        a2(i+1)=F2(i)/m2;       %Acceleration of Trailing Satellite (m/s^2)
        v2(i+1)=a2(i)*dt+v2(i);       %Velocity of Trailing Satellite (m/s)
        s2(i+1)=1/2*a2(i)*dt^2+v2(i)*dt+s2(i);%Position of Trailing Satellite (m)
    end
    %Time
    t(i+1)=t(i)+dt;
end
%Graphical Output
figure(1)
subplot(3,1,1)
plot(t,a1)
title(['Lead Satellite w/ L=',num2str(sepfree),' in & Ks=',num2str(k),' lbf/in'])
xlabel('Time (s)')
ylabel('Acceleration (m/s^2)')
imax=find(max(a1)==a1);
text(t(imax(1))+.1,a1(imax(1))-1,[' Maximum Acceleration = ',sprintf('%0.4g',a1(imax(1)))...
    ,' m/s^2'],'VerticalAlignment','middle','HorizontalAlignment','left')
if possep>0
    imax=find(max(mf)==mf);
    imax=imax(1);
    text(t(imax),2,['\downarrow Separation Occurs at t = ',sprintf('%0.3g',t(imax))...
        ,' sec'],'VerticalAlignment','middle','HorizontalAlignment','left')
end
subplot(3,1,2)
plot(t,v1)
xlabel('Time (s)')
ylabel('Velocity (m/s)')
imax=find(max(v1)==v1);
text(t(imax),v1(imax)-.5,[' Maximum Velocity = ',sprintf('%0.3g',v1(imax))...
    ,' m/s at t = ',num2str(t(imax)),' sec'],'VerticalAlignment','middle'...
    ,'HorizontalAlignment','left')
text(t(i),v1(i)-.5,[' Final Velocity = ',sprintf('%0.3g',v1(i)),' m/s'],...
    'VerticalAlignment','middle','HorizontalAlignment','right')
subplot(3,1,3)
plot(t,s1)
xlabel('Time (s)')
ylabel('Position (m)')
figure(2)
subplot(3,1,1)
plot(t,a2)
title(['Trailing Satellite w/ L=',num2str(sepfree),' in & Ks=',num2str(k),' lbf/in'])
xlabel('Time (s)')
ylabel('Acceleration (m/s^2)')
imax=find(max(a2)==a2);
text(t(imax(1)+5)+.1,a2(imax(1)+5)-1,[' Maximum Acceleration = ',sprintf('%0.4g'...
    ,a2(imax(1)+5)),' m/s^2'],'VerticalAlignment','middle','HorizontalAlignment','left')
imax=find(min(a2)==a2);
text(t(imax)+.1,a2(imax)+2,[' Minimum Acceleration = ',sprintf('%0.3g',a2(imax))...
    ,' m/s^2'],'VerticalAlignment','middle','HorizontalAlignment','left')
if possep>0
    imax=find(max(mf)==mf);
    imax=imax(1);
    text(t(imax),4,['\downarrow Separation Occurs at t = ',sprintf('%0.3g',t(imax))...
        ,' sec'],'VerticalAlignment','middle','HorizontalAlignment','left')
end
subplot(3,1,2)
plot(t,v2)
xlabel('Time (s)')
ylabel('Velocity (m/s)')
imax=find(max(v2)==v2);
text(t(imax)+.1,v2(imax)-.15,[' Maximum Velocity = ',sprintf('%0.3g',v2(imax))...
    ,' m/s at t = ',num2str(t(imax)),' sec'],'VerticalAlignment','middle'...
    ,'HorizontalAlignment','left')
text(t(i),v2(i)-.1,[' Final Velocity = ',sprintf('%0.3g',v2(i)),' m/s'],...
    'VerticalAlignment','middle','HorizontalAlignment','right')
subplot(3,1,3)
plot(t,s2)
xlabel('Time (s)')
ylabel('Position (m)')
figure(3)
sep=(s1-s2-5/39.3701)*39.3701;
subplot(2,1,1),plot(t,sep)
title(['Separation Distance vs. Time w/ L=',num2str(sepfree),' in & Ks=',num2str(k)...
    ,' lbf/in'])
xlabel('Time (s)')
ylabel('Distance Between Satellites (in)')
if possep>0
    imax=find(max(mf)==mf);
    imax=imax(1);
    text(t(imax),sep(imax)-15,['\uparrow Separation Occurs at t = '...
        ,sprintf('%0.3g',t(imax)),' sec'],...
        'VerticalAlignment','middle','HorizontalAlignment','left')
end
line([0 time],[numhf*hflength numhf*hflength],'LineStyle','--','Color','k')
text(.15,70,['Total HF Length = ',num2str(numhf*hflength),' in'])
sepd=s2*39.3701;
subplot(2,1,2),plot(sepd,sep)
title('Separation Distance vs. Distance')
xlabel('Distance from Back of Launcher (in)')
ylabel('Distance Between Satellites (in)')
axis([0 15 0 5])
line([5 5],[0 5],'LineStyle','--','Color','k');
line([10 10],[0 5],'LineStyle','--','Color','k');
annotation('textbox','Position',[0.39 0.3377 0.0987 0.05134],'LineStyle','none',...
    'String',{'Plane of separation','leaves launcher'},'FitHeightToText','on');
annotation('textbox','Position',[0.65 0.25 0.0987 0.05134],'LineStyle','none',...
    'String',{'Trailing Satellite','leaves launcher'},'FitHeightToText','on');
figure(4)
Fsm(i+1)=Fsm(i);
Fsme=4*Fsm/4.448;
plot(t,Fsme)
title(['Separation Spring Force w/ L=',num2str(sepfree),' in & Ks=',num2str(k),' lbf/in'])
xlabel('Time (s)')
ylabel('Spring Force (lb)')
imax=find(max(Fsme)==Fsme);
text(t(imax(1))+.1,Fsme(imax(1))+.1,[' Maximum Force = ',sprintf('%0.4g',Fsme(imax(1)))...
    ,' lbf'],'VerticalAlignment','middle','HorizontalAlignment','left')
figure(5)
mf(i+1)=mf(i);
mfe=mf/4.448;
plot(t,mfe)
title(['Magnet Separation Force w/ L=',num2str(sepfree),' in & Ks=',num2str(k),' lbf/in'])
xlabel('Time (s)')
ylabel('Force (lb)')
if possep>0
    imax=find(max(mf)==mf);
    imax=imax(1);
    text(t(imax)+.1,mfe(imax),['\leftarrow Separation Occurs at t = '...
        ,sprintf('%0.3g',t(imax)),' sec'],...
        'VerticalAlignment','middle','HorizontalAlignment','left')
    septime=t(imax);
    isep=imax;
end
%Numeric Output
disp('Simulation Parameters')
disp(' ')
disp('Satellite Characteristics:')
fprintf('%14s %14s %14s %11s %9s\n','Lead Mass (kg)','Trail Mass (kg)'...
    ,'HF Length (in)','HF Antennas','Load (g)')
fprintf('%7g %14g %14g %14g %10g\n',m1,m2,hflength,numhf,g)
disp(' ')
disp('Launcher Spring:')
fprintf('%6s %16s %15s %17s\n','K (lbf/in)','Free Length (in)','Compressed Length (in)'...
    ,'Stop Length (in)')
fprintf('%6g %16g %15g %17g\n',kl,launchfree,launchcomp,stop)
disp(' ')
disp('Separation Spring:')
fprintf('%10s %14s %16s %15s %17s\n','K (lbf/in)','Klong (lbf/in)','Free Length (in)'...
    ,'Compressed Length (in)','Stop Length (in)')
fprintf('%7g %10g %16g %20g %18g\n',k,ks,sepfree,sepcomp,lmax)
disp(' ')
disp('Simulation')
fprintf('%17s %14s\n','Time Interval (s)','Time Step (s)')
fprintf('%7g %19g\n',time,dt)
disp('-----------------------------------------------------------------------------------')
disp(' ')
disp('Simulation Results')
disp(' ')
if possep>0
    answer='Yes';
else
    answer='No';
end
disp(['Did separation occur?   ',num2str(answer)])
if possep>0
    disp(['Separation occured at t = ',num2str(t(isep)),' sec'])
else
    disp(['Maximum Separation = ',num2str((s1(i)-s2(i))*39.3701),' in'])
end
disp(' ')
disp('Final Velocities')
disp('Lead Velocity (m/s)  Trail Velocity (m/s)  Relative Velocity (m/s)')
fprintf('%12.3g %20.3g %20.3g\n',v1(i),v2(i),v1(i)-v2(i))
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_1176160193.xls
Sheet1

		Launcher Spring

		K (lbf/in)		Free Length (in)		Compressed Length (in)		Stop Length (in)

		1.8		11.75		0.0		10
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Sheet1

		Separation Spring

		K (lbf/in)		Klong (lbf/in)		Free Length (in)		Compressed Length (in)		Stop Length (in)

		0.524		0.19		9.5		2.388		9.125
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Sheet1

		Simulation Parameters

		Time Interval (s)		5

		Time Step (s)		0.001

		Results

		Separation Time (s)		Lead Velocity (m/s)				Trail Velocity (m/s)		Relative Velocity (m/s)

		1.723		2.58				1.21		1.37
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		Satellite Characteristics

		Lead Mass (kg)		Trail Mass (kg)		HF Length (in)		HF Antennas		Load (g)

		4		3		46		2		50






