1st Order Proverse Engineering
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1st Order Proverse Engineering

Step 1: Get Launch Conditions: x,, z, coordinates, V., V,o,, m,, atmospherics
Note the velocities are often nonzero considering aircraft launch or tube launch from ground

Step 2: Find or determine information on powerplant: T(t), Isy(t), Mpppeiant

Step 3: Assume (initially) an angle of attack, «, and thrust angle, @;
Step 4: Solve for initial flight path angle, y (from initial information)

Step 5: Break down equations 5 and 6 for discretization:

_ , - Viitr = Vi Am
F,; =T;Cos(a; + ¢y +v;) — Cp;q;ACosy; — C qASiny; = m; — T in_At _
L

F,; =T;Sin(a; + ¢y +vi) + C1;q;ACosy; — Cp;q;ASiny; —W; =m;

Step 6: Solve for Xji1, Ziv1 Miv1, Virt, Vziet, Viotar (U1), Qis1(USING Viotal), Crist, Cpist, Yist
Step 7: Adjust aj+1, @i+1 and T+ as needed

Step 8: Repeat



1st Order Proverse Engineering

Primer on Finite Difference Techniques & Numerical Solution

_ AV Am
Fyi = TiCos(a; + ¢y +v) — Cp;qiACosy; — C qASiny; = Mine) T V’“EJ-
i l

1st Order Difference Expression

Airspeed in the X-Direction, V, (m/s)

ti-1 ti ti+1
Time, t (sec)



1st Order Proverse Engineering

Primer on Finite Difference Techniques & Numerical Solution

AV Am
Fy; = T;Cos(a; + ¢y +v;) — Cpiq;ACosy; — C qASiny; =m;—| + in—J
Atl; At
Recall the Taylor Series Expansion:
" " " Mz il ME m " “H
.f(xa'+l):.]‘(x.f)+"ﬂx.)f (XJ)—F?]‘ (‘xr)+ 3[ f (xr)+“'+ ”1 )f (‘xf')+Rn
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R, =2 o)

Ton+1



1st Order Proverse Engineering

Primer on Finite Difference Techniques & Numerical Solution

AV Am
F,; = T;Cos(a; + ¢y +v:) — Cpiq;ACosy; — C qASiny; = m;—| + in—J
Atl; At ;
Recall the Taylor Series Expansion
: : N AX® A Ax"
.f(x.f+1)=.f(‘x.f)+ﬂx.){ (x.l)—l_?f (xr)+ 31 f (xr)+“'+ ! J{ (‘xa‘)+Rn

_n+l
R, =25 o)
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. . Ax? o
Use this to get an estimate for f'(x;): /(i) =7 (x)+Ax 7 0x)+—07"(x) + O(Ax )}



1st Order Proverse Engineering

Primer on Finite Difference Techniques & Numerical Solution

) AV Am
Fyi = TiCos(a; + ¢y +v) — Cp;qiACosy; — C qASiny; = Mine) T V’“EJ-
_ : dv AV
1st Order Difference Expression T
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1st Order Proverse Engineering

Primer on Finite Difference Techniques & Numerical Solution

_ AV Am
Fyi = TiCos(a; + ¢y +v) — Cp;qiACosy; — C qASiny; = Mine) T V’“EJ-
i l

1st Order Forward Difference

Airspeed in the X-Direction, V, (m/s)

ti—2 ti-1 t/ ti+1
Time, t (sec)



1st Order Proverse Engineering

Primer on Finite Difference Techniques & Numerical Solution

dVyi _ AV _ Viivr = Vi

1st Order Forward Difference = —
dt At At

y  Unknown

Airspeed in the X-Direction, V, (m/s)

tio tiq t; tivsg
Time, t (sec)



1st Order Proverse Engineering

Primer on Finite Difference Techniques & Numerical Solution

_ AV Am
Fyi = TiCos(a; + ¢y +v) — Cp;qiACosy; — C qASiny; = Mine) T V’“EJ-
i l

1st Order Backwards Difference

______________________________________________

Unknown

Airspeed in the X-Direction, V, (m/s)

ti+1

Time, t (sec)



1st Order Proverse Engineering

Primer on Finite Difference Techniques & Numerical Solution

_ AV Am
Fyi = TiCos(a; + ¢y +v) — Cp;qiACosy; — C qASiny; = Mine) T V’“EJ-
i l

1st Order Centered Difference

e

dt At 24t -
Unknown

e

Airspeed in the X-Direction, V, (m/s)

ti—2 ti-1 t/ ti+1
Time, t (sec)



1st Order Proverse Engineering

Primer on Finite Difference Techniques & Numerical Solution

Higher Order Accuracy:



1st Order Proverse Engineering

Primer on Finite Difference Techniques & Numerical Solution

_ AV Am
Fyi = TiCos(a; + ¢y +v) — Cp;qiACosy; — C qASiny; = Mine) T V’“EJ-
i l

AV, AV  —Viigo +4Vy0q =3V

2nd Order Forward Difference dt - At 2AL
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1st Order Proverse Engineering

Primer on Finite Difference Techniques & Numerical Solution

. AV Am
Fyi = TiCos(a; + ¢y +vi) — Cpiq;ACosy; — C qASiny; = mi| T inEJ_

Decremented AV AV  —Vyq +4V, =3V, 4
2nd Order Forward Difference dt ~— At 24t
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1st Order Proverse Engineering

Primer on Finite Difference Techniques & Numerical Solution

. AV Am
Fyi = TiCos(a; + ¢y +vi) — Cpiq;ACosy; — C qASiny; = mi| T inEJ_
Pade Approximation Wy WVyi  Viger +8V a1~V + Vg
4th Order Center Difference dt ~ At 12At
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1st Order Proverse Engineering

Primer on Finite Difference Techniques & Numerical Solution

_ AV Am
Fyi = TiCos(a; + ¢y +v) — Cp;qiACosy; — C qASiny; = Mine) T V’“EJ-
i l

Padé Approximation Decremented ,, MV Vg $8V 8V iy + Vi

4th Order Forward Difference dt At 12A¢

e

______________________________________________

Unknown

Airspeed in the X-Direction, V, (m/s)

ti+1

Time, t (sec)



1st Order Proverse Engineering

Primer on Finite Difference Techniques & Numerical Solution

—Viyis1 18V, =8V, + V,i Am
T;Cos(a; + ¢y +v;) — Cpiq;ACosy; — CLqASiny; = mi( = = == = 3) + Vii J
L

12At AL

-V, 1 +8V . -8V . ,+V._ ._ Am
TCos(a; + ¢, + V) — Cp;q;ACosy; — C ,qASiny; = mi( Al = 22 = 3) xi J
l

12At At

Recall: I,

T T T T Am T T T T;

Isp = = . = = = = = ~
w m dm Am oo . > ; = .
ro9mr g f/dt g 7/ Atl; W, gmy gdmf/dt 9l




1st Order Proverse Engineering

Primer on Finite Difference Techniques & Numerical Solution

_ Va1 +8V .y =8V 5 + Vi3 Am
T;Cos(a; + ¢;; + vi) — Cp;q;ACosy; — C qASiny; = mi( = xl12At - - ) ""EJ
l
_ Va1 +8V .y =8V + Vs Am
T;Cos(a; + ¢y +vi) — Cp;q;ACosy; — C qASiny; = mi( = xllZAt = = ) xl'EJ.
i
Recall: I,
s T T T N T . Am T T T T;
sp T 1, o~ = oo == = =
1774 m dm Am J : d _
A Y R/ h Vv Al Wy gmy mf/dt By

TCos(a; + ¢y +vi) — Cp;qiACosy; — C qASiny; = mi( 12At

—V,iv1+8V,;, -8V, > +V,._ T;
xi+1 xi xi—2 xi 3) _I_in i

gIspi



1st Order Proverse Engineering

Primer on Finite Difference Techniques & Numerical Solution

—Viyis1 18V, =8V, + V,i Am
T;Cos(a; + ¢y +v;) — Cpiq;ACosy; — CLqASiny; = mi( = = == = 3) + Vii J
L

124t At
] ~Vyiz1 18V, =8V, 5 + Vi3 Am
T;Cos(a; + ¢y +¥;) — Cp;q;ACosy; — C qASiny; = mi( = leAt = = > x"A_tJ.
l
Recall: I,
s T T T N T . Am T T T T;
sp T i, . = = oo == = =
1774 m dm Am J : d _
A Y R/ h Vv Al Wy gmy g mf/dt Iept

~Vyip1 T8V =8V p + Vi T;
xi+1 xi xi—2 xi 3) +in i

T;Cos(a; + ¢y +v) — Cpiq;ACosy; — C,qASiny; = mi( 12At gl

spi

124t : T
Viie1 = m; CpiqiACosy; + C qASiny; — TiCos(a; + ¢y + V) + Vi 9lspi

] +8Vyi —8Vyi2 +Vyi3



1st Order Proverse Engineering

1st Order approximations for V.,

dei ~ Ain _ in+1 —Vyi oo in+1 = ad
dt ~ At At dt

At 4V,

Error between estimate and exact expression

Vo beoo
xi+1 A& Unknown

7

Airspeed in the X-Direction, V, (m/s)

ti—3 ti-2 ti—7 ti ti+1

Time, t (sec)



1st Order Proverse Engineering

4th Order (Padé) approximations for V4

dv,; - AV _ —Vixivz ¥8Vyip1 —8Vyi g +Vyin oo Vyie1 = +8V,; =8V, +V,;_3-12At d;: _
dt ~— At 12At '
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1st Order Proverse Engineering

Problems with Numerical Modeling

in—5

Airspeed in the X-Direction, V, (m/s)
<

ti-5 ti—4 ti—3 ti-2 ti-1 ti ti+ 1
Time, t (sec)



1st Order Proverse Engineering

Problems with Numerical Modeling

in—3

in—4

in—5

Airspeed in the X-Direction, V, (m/s)

ti-5 ti—4 ti—3 ti-2 ti-1 ti ti+ 1
Time, t (sec)



1st Order Proverse Engineering

Problems with Numerical Modeling

Vo[- Pt
/’ 1

in—3

in—4

in—5

Airspeed in the X-Direction, V, (m/s)

ti-5 ti—4 ti—3 ti-2 ti-1 ti ti+ 1
Time, t (sec)



1st Order Proverse Engineering

Problems with Numerical Modeling

in—5

Airspeed in the X-Direction, V, (m/s)

ti-5 ti—4 ti—3 ti-2 ti-1 ti ti+ 1
Time, t (sec)



1st Order Proverse Engineering

Problems with Numerical Modeling

Numerical Instability: Steps too coarse for given function, order of estimation too low

Hunting Error

Airspeed in the X-Direction, V, (m/s)

ti-5 ti—4 ti—3 ti-2 ti-1 ti ti+ 1
Time, t (sec)



1st Order Proverse Engineering

High Order Estimates

High order estimates allow coarser time steps with lower errors (faster codes)

Hunting Error

in—5

Airspeed in the X-Direction, V, (m/s)

ti-5 ti—4 ti—3 ti-2 ti-1 ti ti+ 1
Time, t (sec)



1st Order Proverse Engineering

Coding the shot... 30,000 ft altitude @ 5 miles

30,000ft = 9.14km

7, Flight Path Angle = atan (9.14km/8.05km) = 48.6°

Y 5mi = 8.05km :



1st Order Proverse Engineering
Coding the shot...

v appears multiple times in eq. 5 & 6... and is extremely important

124t ; d
Viisr =7 —|CpiqiACosy; + €, qASiny; — TiCos(a; + $ui + Vi) + Vi 9lspi

| +87. —8Vy 4V,

Recall: vi = atan('7/, )

Xt

Keep track of total range, x and altitude, z.
Xip1 = X; + VAt

Zi+1 = Z; + VZiAt Yeommand = 48.6°

4
AN
-

\ 4



1st Order Proverse Engineering

Coding the shot...
Update the angle of attack to fly on trajectory:
Y.
\ Vigg =— [CDiinCOSYi + C qASiny; — T;Cos(a; + ¢y + Vi) + Vi gITi ] +8Vy —8Vyi2 +Vyi3
m; spi

Too high!
A
e
Calculated z; I
Z;

Yeommand = 48.6 :




1st Order Proverse Engineering
Coding the shot...

Update the angle of attack to fly on trajectory:

Y.
12At , T;
Viier = e [CDiinCOSYi + CqASiny; — T;Cos(a; + ¢y +v;) +Vyy glspi] +8Vy —8Vyi2 +Vyi3

Too high!
A
A

Commanded z;

Calculated z; q

z,
Zicommand = Xit@n(¥ commana) Yeommand = 48.6°
Y V( Y xl )




1st Order Proverse Engineering

Coding the shot...
Update the angle of attack to fly on trajectory:
AN 12At T;
Viier = e [CDiinCOSYi + CqASiny; — T;Cos(a; + ¢y +v;) +Vyy gI:pi] +8Vy —8Vyi2 +Vyi3

Cut altitude to intercept line by reducing ;.4

Too high!
A
A

Commanded z;

Calculated z; q

z
Zicommand = xitan()/command) Yeommand = 48.6°
Y V( Y xl )




1st Order Proverse Engineering

Coding the shot...
Update the angle of attack to fly on trajectory:
AN 12At T
Viie1 = e [CDiinCOSYi + CqASiny; — T;Cos(a; + ¢y +v;) +Vyy gI:pi] +8Vyi —8Vyiz +Vyi3
Cut altitude to intercept line by reducing ;.4
Use Finite Increment Controller, C,,
a — {ai - Cal if z; > xitan()/command)
o+l a; + Cal if Z; < xitan()'command)
A
Commanded z;
Calculated z; q
z,
Zicommand = Xit@n(¥ commana) Yeommand = 48.6°
Y V( Y xl )



1st Order Proverse Engineering

Coding the shot...
---------------- Update the angle of attack to fly on trajectory:
Y 12At T
T Viier =7 — [CDiinCOSYi +CLqASiny; —T;Cos(a; + P + V) + Vy gI:pi] 8V —8Vyiz +Vyi3
........................................................ Cut altitude to intercept line by reducing aj.
Use Finite Increment Controller, C,,
a — {ai - Cal if z; > xitan()/command)
o+l a; + Cal if Z; < xitan()'command)
g - A
A ‘ Where C,, is just a number, like 0.1 deg.
Commanded z;
Calculated z; q
z,
Zicommand = xitan(YCommand) Feommang = 48.6°
Y V( Y X; >



1st Order Proverse Engineering

Coding the shot...
Update the angle of attack to fly on trajectory:
AN 12At T;
Viier = e [CDiinCOSYi + CqASiny; — T;Cos(a; + ¢y +v;) +Vyy gI:pi] +8Vy —8Vyi2 +Vyi3
Cut altitude to intercept line by reducing ;.4
Employ a proportional controller C ,:
v S
z;—x;tan(¥ command) A
A A
Commanded z;
Calculated z; q
z
Zicommand = xitan()/command) Yeommand = 48.6°
Y V( Y xl )



1st Order Proverse Engineering

Coding the shot...
Update the angle of attack to fly on trajectory:
AN 12At T
Viier = e [CDiinCOSYi + CqASiny; — T;Cos(a; + ¢y +v;) +Vyy gI:pi] +8Vy —8Vyi2 +Vyi3
Cut altitude to intercept line by reducing ;.4
Employ a proportional controller C ,:
L= {ai - Cal - CaZ[ Zi_xitan(YCommand)] if Z; > xitan(YCommand)
" a; + Cal + CaZ[ zi_xitan(YCommand)] if Z; < xitan(YCommand)
\/ -
z;—xitan(y command) A
X 7 S—
Commanded z;
Calculated z; q
z
Zicommand = Xit@n(¥ commana) Yeommand = 48.6°
Y V( Y xl )



1st Order Proverse Engineering

Coding the shot...
Update the angle of attack to fly on trajectory:
AR 12At T
M Viier =7 — [CDiinCOSYi + €L qASiny; — T;Cos(a; + @y +v) + Vy gI:pi] +8Vyi —8Vyi2 +Vyi3
\%(\’»:
T, Cut altitude to intercept line by reducing ;.4
“':::‘\i\ Employ a proportional controller C ,:
"'::::'\<¢..,. apq = {ai - Cal - CaZ[ Zi_xitan(YCommand)] if z; > xitan(YCommand)
" a; + Cal + CaZ[ zi_xitan(YCommand)] if Z; < xitan(YCommand)
v 2 T, RN Where:
z;—x;tan(¥ command) A C,, is just a number, like 0.1 deg.
A A
| = C.is just a number, like 0.01 deg./m
Commanded z;
Calculated z; q
z
Zicommand = Xitan(¥ commanda) Yeommeng = 48.6°
Y ‘i’( Y




Step

30,000 ft = 9.14km altitude

/\“"’:,.\

1st Order Proverse Engineering
back and examine the mission:

Proverse design a missile to make the shot

1. Establish the physics associated with your interceptor
».,,\%:
:w,\%\ Team 1 AIM-9/FIM-92 Interceptor
”‘\.\. .... Team 2 Starstreak Interceptor
\:‘:“\\ Team 3 MASS Interceptor

RN Team 4 Electric Missile Interceptor

NG
e,

Team 5 RAIDER Missile Interceptor
Team 6 COTS Interceptor

~~~~~
EN2Y

Yeommand = 48.6 :

4
A

5 mi (26,400 ft = 8.06km) range -*

\ 4



1st Order Proverse Engineering

Proverse design a missile to make the shot

N 2. Get major weights for the components within the baseline missiles.
.::.v‘-:».,,\ Baseline Missile 1 Baseline Missile 2
Component Masses Component Masses
.,
"\'\"’\,\,\_“ Structure 38.2 kg 16.5 kg
S, Seeker 6.1 kg 3.8 kg
O \ Warhead 2.2 kg 1.5 kg
S e, Rocket Fuel 46.8 kg 18.3 kg
"'CEU : Booster Fuel 25. kg 7.2 kg
E ""ff.‘.‘.‘.‘:,\_\_\ Total: 118.3 kg 47.3 kg
E NS
(o))
Il
3=
o
()
S
=)
™
Yeommand = 4860

Y 5 mi (26,400 ft = 8.05km) range >



1st Order Proverse Engineering

Proverse design a missile to make the shot

30,000 ft = 9.14km altitude

A,

3. Get major weight fractions for the components within the baseline missiles.

Ve
.....

DN

e

Definition:

Baseline Missile 1
Weight Fractions

Structure 32.3%
Seeker 5.2%
Warhead 1.9%
Rocket Fuel 39.6%
Booster Fuel 21.1%
Total: 100.0%

s,
S

Weight Fraction = Weight of Item/Total Missile Weighi\\\

4
A

5 mi (26,400 ft = 8.05km) range

Yeommand = 48.6 :

Baseline Missile 2
Weight Fractions

34.9%
8.0%
3.2%

38.7%

15.2%

100.0%

\ 4



30,000 ft = 9.14km altitude

/\“"’:,.\

1st Order Proverse Engineering
Proverse design a missile to make the shot

4. Get averages for your missile category

4
A

. Average Baseline Missile
"":~,\ Weight Fractions
”\.\.\_::.' Structure 33.6%
\‘*"::.\ Seeker 6.6%
: Warhead 2.5%
--~.~.\,\,:\_:\ Rocket Fuel 39.1%
Booster Fuel 18.2%
R Total: 100.0%
Definition:
Weight Fraction = Weight of Item/Total Missile Weight\\
Yeommand = 48.6 °
5 mi (26,400 ft = 8.06km) range -* >



1st Order Proverse Engineering

Proverse design a missile to make the shot

X 5. Make hypothetical starting point missile based on average baseline missile
‘%.,\ Average Baseline Missile
Kk Start @ 50kg mass
"\.\.\_::“ Structure 16.8 kg
T Seeker 3.3 kg
% Warhead 1.3 kg
S R Rocket Fuel 19.6 kg
5 Booster 9.1 kg
£ R Total: 50.0 k
~~ e, ol ——
~
>
Il
o Definition:
8 Weight Fraction = Weight of Item/Total Missile Weight\\
™ o«
Yeommand = 48.6 :
Y 5 mi (26,400 ft = 8.05km) range -~ >



1st Order Proverse Engineering

Proverse design a missile to make the shot

/\“" 6. Assume booster imparts all of its impulse at start to get Vinitial
' \, Calculate Vsar
h Assume 1 sec. bumn
M, Isp= 200 sec.
. 1:;.\ Timpulse = Wbooster*l SP/ tboost
0 R Whooster = 9.81*9.1kg = 89.3N
g ...::::_\,\“. Timpuise = Whooster Isp /tpoost = 89.3N * 200s/1s = 17854N
:'*:: \::;::, Wi ocket = 45.5kg*9.81 = 446N
®© S a=F/W= 17854N/446N = 40g’s
& AV ~ aAt = 40g’s*9.81m/s?*1s = 392 m/s
# B M, =392m/s/341m/s =1.15
~—
(o))
I Average Baseline Missile
qé Start @ 50kg mass
8 Structure 16.8 kg
oS Seeker 3.3 kg
™ Warhead 1.3 kg '
Rocket Fuel 19.6 kg
Booster 9.1 kg
Yeommand = 48.6 :
Total: 50. kg
Y 5 mi (26,400 ft = 8.06km) range -* >



1st Order Proverse Engineering

Proverse design a missile to make the shot

T TN
\, 7. Use your newly developed code to solve for Viing and Mgina
\.‘(\‘3\

) ::‘\i:\

o ,

._g et

=

®©

s

<+ B

~

(o))

[

3=

o

o

S

=)

cy) . |
Yeommand = 48.6 :

Y 5 mi (26,400 ft = 8.05km) range -~ >



1st Order Proverse Engineering

Proverse design a missile to make the shot

o . 8. Adjust missile size to arrive at minimum scale for shot:
N : -
K If Mo > 1.2, reduce size of missile
M, If Mg,o < 1.2, increase size of missile
::2\’\.\
% RO Recall Scaling Rules: Length < SF
S "
= Di X SF
=  Scale Factor = SF lameter o §
g 3 Area o SF?
oy 3
3 N Volume < SF
oS Mass < SF3
e:': Weight « SF3
oS
oS
S
Yeommand = 48.6 °
Y 5 mi (26,400 ft = 8.05km) range -~ >



1st Order Proverse Engineering

Proverse design a missile to make the shot

9. Design the desired missile for the shot and CAD all components



1st Order Proverse Engineering

Proverse Design the Display Model for the Air Armament Symposium

10. Approximate Missile Dimensions for the Model

For Instance:

Sizing yields 11.9cm diameter body x 2.06m length

Call out a 5” body diameter (so we can order it)

If we can order > 72” lengths good... otherwise, set length to 72”
Scale fins proportionally



1st Order Proverse Engineering

Proverse Design the Display Model for the Air Armament Symposium

11. Assemble a Bill of Materials (BOM)

* Part Number

* Name of Part

* Material from which part is made
* Quantity Required

 Cost per part each. and/or total

» Source of Part or Material

* Identify each part or material type on assembly view



1st Order Proverse Engineering

Proverse Design the Display Model for the Air Armament Symposium

11. Assemble a Bill of Materials (BOM)

10
11
12

13

total

Nose Cone

Forward bodytube

Aft body tube

Forward canards

Wings

Fins

Launch Lugs

Booster rocket
assembly

Stand plate
Stand flange adapter
Stand post

Sky Grey Paint

Decals

Fiberglass-
Epoxy

Fiberglass-
Epoxy

Fiberglass-
Epoxy

Black
aluminum

Black
aluminum

Black
aluminum

PLA
PLA

Aluminum
Steel
Steel

Krylon

Vinyl

1 ea.

1 ea.

1ea

4 ea.

4 ea.

4 ea.

2 ea.
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1st Order Proverse Engineering

Proverse Design the Display Model for the Air Armament Symposium

12. Start 3-D printing, Get list of components along with URLs to Dr. B. for purchase + glue, fastners etc.

10
11
12

13

total

Nose Cone

Forward bodytube

Aft body tube

Forward canards

Wings

Fins

Launch Lugs

Booster rocket
assembly

Stand plate
Stand flange adapter
Stand post

Sky Grey Paint
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