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UNIVERSITY Section 7.2

Rocket Science Review 102:
Launch Energy Management

Newton's Laws as
Applied to
"Rocket Science"

... its not just a job ... its an
adventure
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RS 101: Summary and Terminology

*Rocket Thrust Equation

Ehmst — mI/exit _|_ Aexit(l)exit o Ijatmosphere)
*Specific Impulse .. dotal .... Instantaneous)

I J F;hrust dt F

] = mpulse . 0 _ thrust
T g M R '
0 llant M propeliant
properan 8o j M propellant dt 50
0

*Propellant Mass Budget Equation

*Rocket Equation [ .
AV

burn

m - [ e
AV =g I In|1+=22det | M e = May * Mpayioad] L€
80
Burn_ = °P M final
na

)

°load Mass Fraction

3 AV
gO'Isp

L M propellant M propellant

f = l-e
M M, +M

initial final initial
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Summary and Terminology ,,
Available A V

biern

I 8wy

AV, =g,-1, [m(1+ me)] -

"combustion AV "

ot smB(I)dt —

"gravity loss"

\

b.mt p V 3

0

"drag loss"

B= M
CD . Aref
dt
Path dependent losses
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AV for a Vertically

Accelerating Vehicle
Flight Direction
F _
thustT AV%W =g, ]Sp [ln(1+ me)i|— g, °tburn
. propellant
P ;=
N final

g 0 Sp . mpropellamt

thrust

M g
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UtahState peclsnicSllog

Engineering

AV for a Vertically Accelerating Vehicle

*Calculate burnout altitude
Instantaneously :

dn [ ( \ \

-1 _In M i
dt Lgo » — Ht- tJ go)

lnmal

at Burnout : (Above ground level — AGL)

i)
_J‘kg()]smk —mrJ g, Jdr

znztzal

*After a lot of arithmetic!

2 (M (M. ) ([ M)

htbum __& ';bum +(g0 .Isp).L#ﬁal.mLMﬁ”‘”J +t, -L1+1nL%JU

initial final

... ignoring aerodynamic drag
MAE 6530, Propulsion Systems II
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AV for a Vertically Accelerating Vehicle
*Collecting terms and simplifying

2 ( (
-t M (M . ) (M

b, =—Setmy (80'4 ) —niial || Sy 1+1n ’

" 2 ’ e initial M final

initial Sinal T mpropellant

m mpropellant 'tbum

( ln(1+me )\
—>\h =gt 1 -|1- J-bm»
burn umn sp Pf 2

0
)

... ignoring aerodynamic drag

MAE 6530, Propulsion Systems II
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AV for a Vertically Accelerating Vehicle

‘Summary
Flight Direction : -
ln(l +P f) .
htbum — gO . burn< ]Sp . 1_ P B 2 (

. J

P = propellant

final ... ignoring aerodynamic drag

. g 0 Sp . mpropellamt

burn

thrust

MAE 6530, Propulsion Systems II 7
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How High will my Rocket go? ¢

Solving for h,,,cec

( (v )’- )
Emech =M final L “pozgee + 4 0" hapogeeJ ~ M final . g 0" hapOgee

2
~ E mech . (Vbumout )

h‘ ogee
i M, . & 2-g,

burnout

et
~
apogee

TR, IO R P (23

v

\

... ignoring aerodynamic drag
MAE 6530, Propulsion Systems II 8
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UNIVERSITY Example Energy Calculatlon cngtheoring

B 7 5¢€

2009 USLI Rocket

- - AMW L777 Motor

“Dry” vehicle mass : 11.2451 kg, Propellant mass: 1.7623 kg
Propellant I,: 181.49sec, Mean Motor Thrust: 774.475 Newtons

P _ mpropellant :‘ 17623 =0.156717
"M final ‘1 1.2451

g I, M 9.8067- 181.49-1.7623

propellamt =4.04993 sec

o Ehmst 77 4: 475

MAE 6530, Propulsion Systems Il 9
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“nvERSTTYExample Energy Calculation o

P, = ™ propeliant —0.156717 t. = 80 Lo M propettam: =4.04993 sec

burn
M final F

thrust

( ln(1+me)\ ¢
htb :gO.tbum Isp.Ll_ P J_%>:
mf

\

I\

In (1+0.156717) ) ~4.04993

9.8067-4.04933 (181.49 (1 -
0.156717

) =431.5 meters

v, =g, I, [ln(1+ me)}—go 1, =

=219. 5 m/sec
9.8067-181.49 (In (1 +0.156717)) — 9.8067-4.004993
2 2

219.5

h Emech — (I/bWHOW ) + hb — +431.5
apogee urnout .
My 8 28 2-9.8067
= 2888 meters

MAE 6530, Propulsion Systems I 10
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universITYCompare to Simulation Results

We will build this |1
simulation later

Altitude

Altitude, meters

apogee

Y,

urnout

=2888.71 m
=219.34 m /sec

Peak ALTITUDE
AGL, meters

10 20
Time, sec

Velocity, m/sec

Velocity, m/sec

30

Mechanricalcd

Engineering

Analytical Solution
=> 2888 meters

=219. 5 m/sec

Ignoring drag for now!

Max velocity/m/sec

219.353

Time, sec

Better than 0.056%

MAE 6530, Propulsion Systems Il 11
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Compare to Simulation Results

h = 2888.71 m

apogee
v, =219.34 m / sec

urnout

POTENTIAL ALTITUDE, agl

Peak potential
ALTITUDE
AGL, meters

H, P{OTENTIAL, m

Time, sec

h h

Ignoring drag for now!

apogee potential ~—

E

mech

— (I/burnout )2 + h

MAE 6530, Propulsion Systems Il 12
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Compare to Fight Data
h =2888.71 m

apogee

Why the difference?

. . ' .
Primarily .... Drag! Vbumout =219.34 m /sec
3000 ! ! T ! ! T T ! ! !
' . (é/l\i/lotor Biumout
2500 ................. W W s : ...... : ....... : ..........................

. Second Airbrake Deployment <_|

/ """ EEEE

----'-'j‘--

[ ]
o
o
o

Potential Altitude (meters)

p—
(=)
o
o

Kalman Filter Estimate
RDAS Altitude

ws PorfectFlite Altitude

; : : = = = Target Altitude

i i i I I I I 1

10 12 14 16 18 20
Time (<)

500

| 8]
(S

MAE 6530, Propulsion Systems Il 13
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=h+

potential

~ 15% error in peak altitude

2 g,
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universiTy  Compare to Fight Data @) e

Why the difference? We have ignored Drag!

(Vi) B \/ 2 E,

_ _ h
apogee — = \/2 8o hpotential
2 M final M final

. 100,, =

( apogee )calc ( apogee )ﬂight
( apogee ) cale (

(2888.71-2-9.8067)0‘5 — (2500-2-9.8067) %"

(2888.71-2:9.8067)"" + (2500-2:9.8067)"°  =7-22%
2

~ 7.2 % error in delivered apogee A V due to aerodynamic drag

apogee )ﬂight

MAE 6530, Propulsion Systems Il 14
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UNIVERSITY Drag Losses

. ) B} ds
non— R J F;fton . dS R J Efton . dt . dt
conservative path —conservative path —conservative

2

_ AV,
| F Vdt =~
{

non 2

—conservative non-conseryv

*Lift — acts perpendicular to flight path
.. Cannot effect energy level of rocket

*Gravity — acts downward (conservative)
... cannot effect energy level of rocket, kinetic energy
potential energy as rocket climbs

* Apogee primarily influenced by burnout energy and atmospheric

aerodynamc drag

MAE 6530, Propulsion Systems II 15
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How Drag Losses Effect Peak Altitude

|-
DV CpA —pVV P
AVdmg:\/zj ——dt = 2_[ - Y2 dt = jp "y
0 M V 0 M 0 ﬁ
AV, 2 1| |
Ah,, =—2% = [p-var
2-g, 2'80'13_0 )
Check units! \
3
1 kg m sec> m* kg 1
- sec = - ~=m
m kg m’ sec m kg m sec
sec” m’

MAE 6530, Propulsion Systems I 16
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How Drag Losses Effect Peak Altitude ¢

1 -
Ah, = V3 dt
drag ZgO,B _([p

Correct peak altitude estimate

h = %-(2+me)-(1sp In(1+ me))z _ AR, =

t

& ( . )2 __ 1 NG

; (2+P,)(z, m(1+P,) N ip V> dt
Path Independent Path Dependent

“Rule of thumb” ~ drag loss is about 5-10% of delivered A V from motor

MAE 6530, Propulsion Systems I Y
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UNIVERSITY engineering
Drag Losses o

] pV V3
D, =Cypd 2PV AV, = fj o gt = jp
Depending
Ft/sec
i?ﬁ?"mr\; On thrust to-weight
1,000 = Off of the pad
2 X drag losses
@ 750 ~ can be significant
-51 \ During motor burn
§ 500 =
) \ brag As much as 12-15% of
250 — Potential altitude
é‘/A__///\\_ Gravity
A ... path dependent!

Must simulate trajectory

MAE 6530, Propulsion Systems I 18
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Drag Coefficient is Configuration Dependent
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Figure 3-4. Drag Coefficient vs Mach Number-HO-mm Rocket

MAE 655v, rroputsion oysiems 11
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Drag Coefficient is Configuration Dependent

05 ] "
A_=4% =1 75806 ™
o m 0308 = - :[o.uu
. o’
- - . . j
S 'E
04 '\ | Lr62 mem ! \X. -
N poe § ol Ogive dy 0578 m
\\ i L L
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o
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Figure 3-5. Drag Coefficient vs Mach Number—762-mm Rocket
MAE 6530, Propulsion Systems II
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UNIVERSITY Engineering

Drag Coefficient is Configuration Dependent g

a3 ™ J e

049 m —
0-5 ‘q - Bf‘Fd « N ‘.nu‘ A cal g " ‘r’:‘qk °ﬁ-
1 | 18 gy
I mem e, oNm Lium
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Figure 3-6. Drag Coefficient vs Mach Numbr-321-mm Rocket
MAE 6530, Propulsion Systems II
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UNIVERSITY A Recipe for Energy Management

Conservation of Energy
Potential + Kinetic Energy = Constant — Dissipated Energy
V2 osee V2 RN
g ) hapogee + = burnout + Pt p dt
2 2 Lburnout B
V2 V2 1 tapogee p . V3
N I’l — h + burnout apogee | dt
apogee burnout 2 2
. g . g Lburnout ﬁ

* Velocity and drag are
Very high just after
motor burnout .. But
diminish near apogee

e Specific Energy of
Rocket becomes “more

constant” with time

Velocity, m/sec Drag

180-

Velocity, m/sec

I I 1 ] ] 1 1 ] | i ] ]
0 5 10 15 20 25 0 25 5 7.5 10 12,5 15 17.5 20 22.5 25

Time, sec

.. As drag
Diminishes
Near apogee

i

Time, sec

MAE 6530, Propulsion Systems II
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A Recipe for Energy Management

e Specific Energy of Rocket....

Altitude

Altitude, meters

I i I
0 5 10 15 20 25

Time, sec

Energy rate,

Edot, KWatts

Total
Drag -
Thrust

o I [
7.5 10 125 15 17.5 20 225 25

Time, sec

* At motor burn out Drag Energy Dissipation rate is ~3.5 times higher than at 1000 m AGL

* At 1500 m AGL Drag Energy Dissipation is essentially zero ..

Estimated energy level~ constant

MAE 6530, Propulsion Systems II
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A Recipe for Energy Management ¢,

* Potential Altitude as an Estimator of “Achievable Altitude” Becomes Increasingly
More accurate as Apogee is Approached

e Use Augmentation Thrust to “Manage Energy” at waypoints of Increasing Altitude
Along Probably trajectory Altitude

Waypoint Array

s
o

Thrust
Augmentation
Active

Altitude, meters

I
0 5 10 15 20 25

1500 ] 160532

Time, sec

MAE 6530, Propulsion Systems II 24
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Engineering

UNIVERSITY A Recipe for Energy Management

Altitude POTENTIAL ALTITUDE, agl

§=c Drag decay

Thrust
Augmentation
Active

Altitude, meters
H, P{OTENTIAL, m

I
0 5 10 15 20 25

oo
0 12.5 15 17.5 20 225 25

Time, sec ime, sec

Waypoint Array

4o W 16093:

(1500 ] 160532

25
MAE 6530, Propulsion Systems II
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UNIVERSITY A Recipe for Energy Management

Thrust

POTENTIAL ALTITUDE, agl
2200- '
2000-

1800-

oo S EEESESES S
"
200-g= !

0-| 1 1
0 25 5§

| I I | | | I I
75 10 12515 175 20 225 25
Time, sec

£ 1600-
g’ 1400- --

— i —
| | N
o ' 5 e e e
e

INTechanicSfGdrRenospace)

Engineering

1400-

1200-

1000-|m

800~

(=
T

Thpusy, Newtons

EN
o

N
o
T

o

0

3 -

|
I I I I I
5 10 15 20

Time, sec

* First (mostly constant) Augmentation Impulse Boosts Energy to “achievable level”
Once we have calculated energy state (using IMU) ... 1706.8 m = 5600 ft

25

» Second Augmentation Impulse Boost and Maintains Energy level at Desired (Target Level)
Eneregy Level using Pulsed-modulation ... 1609.32 m = 5280 ft

MAE 6530, Propulsion Systems II
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Engineering

UNIVERSITY A Recipe for Energy Management ¢

Altitude Thrust

Peak ALTITUDE
1600-gue 1609.32 §

Vi v
5 1400- 5
-~
L =
€ 1200- ‘ @
< i
T 1000- o
3 1580.58 7
= | ™
< £

| I | I

0 5 10 15 20 25

Time, sec Time, sec

» Lower Augmentation Thrust
levels allow for more precise
modulation, but are less
efficient and must “burn

longer”
g £ 3

> W 16003

MAE 6530, Propulsion Systems II
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UNIVERSITY A Recipe for Energy Management ¢,
Altitude POTENTIAL ALTITUDE, agl

2200-
2000-

Thrust
Augmentation
Active

Altitude, meters
H, P{OTENTIAL,

I I I | | I I I
0 5 10 15 20 25 0 25 § 75 1012515 175 20 225 25
Time, sec Time, sec

 Early Energy Management is More Effective, But less Precise

MAE 6530, Propulsion Systems II
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Engineering

UNIVERSITY A Recipe for Energy Management o,

Altitude

Total Impulse, Nt-sec

Altitude, meters

Peak ALTITUDE
AGL, meters

1516.93

I
0 5 10 15 20 25

Time, sec

Thrust

Thrust, Newtons

1400-

1200-

1000-

800-

N~ .- (=)
o o o
G

| |
0 5 10 15 20 25
Time, sec

* Single Waypoint Energy Management Near Apogee i) 0

* Insufficient Propellant to hit target

MAE 6530, Propulsion Systems II

Waypoint Array

L W 6003

11500 ] 160932 |




Engineering

UtahState e S S
UNIVERSITY A Recipe for Energy Management @

Altitude Thrust

g :

%)

s :

< <

° o=

- i

= 2

< =

I
0 15 20 25
Tlme, sec Time, sec
* Earlier Implementation of First Waypoint
e There will definitely be a Design

« Insufficient Accuracy to Hit target “Sweet spot” .. here

MAE 6530, Propulsion Systems II
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Adjusting Potential Altitude Estimate for
Effects of Horizontal Velocity

Velocity, m/sec

90 deg launch angle
87.5 deg launch angle -
85 deg launch angle -
82.5 deg launch angle -

v

g 80 deg launch angle

E —

£ » Any Launch Angle not
§ “Completely Vertical”

Results in some horizontal
Component of Horizontal
velocity at Apogee

I I I I I I I
0 25 5 75 10 125 15 175 20 225 25

_ * However as apogee is
Time, sec .
Approached Horizontal
Velocity Component becomes
~ constant

MAE 6530, Propulsion Systems II
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U N I V E R S I T Y Engineering

Adjusting Potential Altitude Estimate for
Effects of Horizontal Velocity ()

Velocity, m/sec

» Compared to total velocity of Vehicle
Horizontal component ~ constant
Very soon after motor burn out

)
Y
v ° ~
E Vhorwaypoint Vapogee
z
;:’: ‘/hor waypoint — Vwaypoint . COS(}/) =~ Vapogee
N AT ans inmsmaas .
= vy = flight path angle
85 Deg Launch Angle — L h
=tan —
0 é 1I0 1|S 20 25 Vhor
Time, sec

MAE 6530, Propulsion Systems II 32
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U N I V E R S I T Y Engineering

Adjusting Potential Altitude Estimate for
Effects of Horizontal Velocity ¢

2 2 tapogee
h —h 4 v waypoint v apogee | l J‘ p . V3 df =
apogee waypoint 2 ) 2 . ﬁ
g g g twaypoint

Vzwa oint Vzwa oint Vza ogee 1 e P ) V3
= hwaypoint + = + = - = o J dt
2 R vertical 2 8 horizontal 2 8 8 4 ﬁ

2 2
N [V waypoint _ V apogee
V4 -~ —
2- 2-
g horizontal g

( 2 2 tapogee 3
S h —h - 4 4 waypoint 4 apogee _l J‘ pV df =
apogee waypoin k 2 ) g 2 . g g t | ﬁ 0
waypo int 171 B4 Near
2 tapogee 3
_ (V waypoint 1 P V Apogee
— hapogee _ hwayPOint + k 7. 0 _ g ﬁ
vertical aypoi

MAE 6530, Propulsion Systems II 33
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U N I V E R S I T Y Engineering

Adjusting Potential Altitude Estimate for

Effects of Horizontal Velocity

2 Lapogee 3
V . 1 pog p . V
waypoint
yp dt
vertical

2-g g, p

waypo int

— hapogee — hwaypoint + (

— }; _ h + Vzwaypoint ) Sin2 (y)

potential — " “waypoint

2.9

continuously estimate ...

» Non-optimal strategy
2 . 2
V=, - sin (7’(;))

.. But it works pretty well

(hpotential )t = h(t) +

» Some potential that 284
non-linear “bang-bang” or at waypoint..we have a very simple control strategy....
Dead-band controller may R
Be more propellant efficient df [( h. <h<h )&& (h <N pentian ﬂ
7 n n
* But hpotential 1S a critical thrust on
feedback parameter ...else
" !
MAE 6530, Propulsion Systems I1 thrust off
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U N I V E R S I T Y Engineering

Accounting for Drag Losses In Potential
Altitude

Ignoring drag .... At any point along the trajectory ...

V(t)-sin(y)

hpotential — h (t) T 2 . g
since =V, =V(t)- cos(y ) = constant
. Drag Loss
But because of drag .... The true apogee will be... A h
drag
tapogee
1 C,6-A
— 2 D ref
hapogee = h potential J. ~ p -V . -V-drt
T\ 2 m-g

MAE 6530, Propulsion Systems II 35
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UNIVERSITY Accounting fOl’ Drag englheering
In Potential Altitude ,

True, Potential Altitude and Drag Loss “Potential Altitude”
2400-

— i htarget(t) — Achieved True Altitude
2200- —

\ - -
2000 o htarget(ﬁnal)—'_‘Ahdmg (l‘) ‘ _ Altitude Drag Loss

/ T, Target Altitude Schedule
1800- .

1600-

/ : e
1400- ]{\ //—
1200~ l \ / Pre-schedule Final Target Altitude
1000- l >< ... In this case 1-mile a.g.l.
800~
600- /

N AN _ V(t)-sin(y)
oo / / hpotential h(t) + 7. 9
L

/ N Fapogee | C. . A
e Ahdmg=—J(5'p-V2)- D |y dr

t m-g

Altitude, meters

I I I I I I I I I
10 12 14 16 18 20 22

Time From Launch, sec

o
N
5
(o]
o0

36
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UNIVERSITY

True, Potential Altitude and Drag Loss

Accounting for Drag Losses

echianiCcallGdrenoSpac e,
Engimeering

In Potential Altitude ,

“Potential Altitude” N
2222:~_-_“"‘- _ ]’lmget(t) — | Achieved True Altitude /"\._
E""‘-.-., h (ﬁnal)—l— Ah (t) Altitude Drag Loss /’A\
2000- N target drag T . N
- arget Altitude Schedule ™|
1800~ / N
1600- l ——————
1400- T
z 1200—*7%74 Pre-schedule target
2 1000- l \ / Altitude ... 1609.35 meters
_qof 800- l
3 con- . ~ Low-Energy Launch
2 400- / vd h =h(t)+ 40k Sm(’}/) — W/ no thrust
al — .
2OO_Z'/// potentia 2. g ~_augmentation
0_
/”(H_'-’_
-200- / -~
t
-400- "1 ) [ Cp Ay
-600- ~ Al = = j (E'P'V )(m—g V-drt
-800-, [ I I I I t I I I I I I
0 2 6 8 10 12 14 16 18 20 22

Time From Launch, sec

37
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Accounting for Drag Losses

echianiCcallGdrenoSpac e,
Engimeering

In Potential Altitude

True, Potential Altitude and Drag Loss

“Potential Altitude”

Low Energy Launch

N
z:gg:"_"% - hmrget(l‘) = chieved True Altitude ﬁ_
2‘”‘*-( Ititude Drag Loss N
H0e= /A - htarget(ﬁnal)—'_‘Ahdmg(t) ‘ arget Altitude Schedule ™.
1800- /
1600- ;”/,—— —_—
1400-
9 1200- K / Pre-schedule target
R B e Altitude ... at 1609.35 m
: /
o 800-
o
2 600- / >< , — W/ Thrust
< 400- / / h L= h(t) + @) sm(}/) — Augmentation
/ / potential
200- 2. g

" B _fapjgee (% |

C,-A
pvz)(D—reijdT

8 10 12 14 16 18 20 22

Time From Launch, sec

38
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Engineering

Accounting for Drag Losses

In Potential Altitude

Thrust

Thrust, Newtons

Time, sec

MAE 6530, Propulsion Systems II

Acceleration

Acceleration, G's

-2-) 1 1 1 1 1
0 5 10 15 20 25

Time, sec
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U N I V E R S I T Y Engineering

Energy Management w/ Target Envelope ¢

* Enveloping allows for
final position error
tolerance while
significantly reducing
required control activity

POTENTIAL ALTITUDE, TARGET 2 h target

h+ target -
h- target [Nd

htarget (t) —

h+targel(t) — htarget(t) —l_ 6hh
htarget (ﬁnal) —I_ ‘ Aha’mg (t) ‘

h_target(t) — htarget(t) B 5hh

| | | I
0 500 1000 1500 2000
Altitude, meters

MAE 6530, Propulsion Systems II 40
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U N I V E R S I T Y Engineering

Energy Management w/ Target Envelope ¢

» Use first order decay as a function of altitude for envelope...
1 1

Prrger = Pipgee T OR, — first order decay ... Sh, + - Oh, = ;Shmax
h
h
multiply by — e
L ( L
LA T L T
S R d :
—)e”-LSht+—-5hJ:e b = [ € “ J:e .Sh__
T, d

e Integrate from launch to A(z) ...

h

Urggdwﬁh

¢(0)

h(1) h h(t) h(0)

/
-ds:féﬂ-e”'dh% bty —e ™ -6h(0) = L.

0 Th Th

M) h(0)
e”-T-—e”-Th

MAE 6530, Propulsion Systems II
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U N I V E R S I T Y Engineering

Energy Management Target Envelope ¢
e Assuming h(0) = 0,

h(1) ( h(t) )
e -Sh(t)—Sh(0)=6h_ -le™ —1

and Multiply thru by e_m

T

S
_h@) _h@®)
Oh(t)=e " -(5h(0)+5hmax-[le Th]

42
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Collected Target Altitude Envelope

( h h
oh,, =oh_,, Ll e”)+e . 0h,

( (
h;,,get = Py +L5h Ll e ThJ +e ™ -Shy
( (LA R

Prrger = Prager = L5h Ll e T”J +e ™ -Oh,

target

oh_. — sets final envelope error

— |0h, — sets initial envelope error

T, — sets envelope decay rate

MAE 6530, Propulsion Systems II
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university Example Envelopes i
POTENTIAL ALTITUDE, TARGET 2 h target
h h
. h+ arget BN |5, _ s -(1 _ e_ﬁ\ te ™ -8h
(h) max L ) 0
2300- h- target -
g ( (Y )
E 2200~ — h;rget = target +L6h Ll € ThJ Te i 6hOJ
Z
2100-
= ~ + ( (2 )
2‘ 2000- T J— htarget = htarget Léh Ll € ThJ Te i 6hOJ
- h meters
£ 1900- _
5 Oh_. — sets final envelope error
o 1800- — |8h, — sets initial envelope error
= 1700- T, —> sets envelope decay rate
1600- I I I I
0 500 1000 1500 2000
Altitude, meters
Final
Envelope "Error"
3.61342

HPA Propellant
Margin, %

67.5646 44
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POTENTIAL ALTITUDE, TARGET 2 h target
2500~ h+ target [N [ _n\ _k
oh, =6h__-|1—e ™ |+e ™ -Oh
E 2400- h- target - (h) max L J 0
L'.: 2300- ( (Y )
_ h' = +|oh . |1—-e ™ |+e ™ -Oh
g 2200- 5 hmax = Ometer target target k L J OJ
< _
2 %% = 20 B =h (5h (1 S,
s _ _ target = target L L € hJ te " OJ
E 2000 | Ty = 400meters
u —
5 1900 Oh_. — sets final envelope error
8- 1800- — |0h, — sets initial envelope error
ok
1700- T, —> sets envelope decay rate

| | | I
0 500 1000 1500 2000
Altitude, meters

Final
Envelope "Error"

3.61342
HPA Propellant
Margin, %
72.0604

* Enveloping allows for
final position error
tolerance while
significantly reducing
required control activity
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UNIVERSITY  Energy Management Control Logic

Current
Altitude Values .
E int32 Cbas_on, Carp_on;
: /tttttttttttttttttttttttttttttttttttttttttttttt/
: /* check to insure that current altitude is greater than start altitude *
n- if( hAGL > hMin && hPotl < hTarget) ,
Ip“t { Augmentation
Target if( hPotl < hTargetMinus ) Th““ on (O“t)
Altitude Values Cbas_on = true; By ----
*[: else
r— { Energy
I if( hPotl < hTarget && iThrust == 1) l[\)ﬁana%em(entt)
EED hTaraetPlus Cbas_on = true; rag nou
M= — else o> e ]
Cbas_on = false;
}
}
Augmentation else
Thust on (in) Cbas_on = false; CbllS — thl"llSt
----------- 21:0 iThrust /ttktwtw*ttttttttktwtw*ttttttttttwtw*ttttttttt/
/* check to insure that current altitude is greater than start altitude *
. if( hAGL > hMin && hPotl > hTarget) C =d
I D ' ar, ra
L { P g
Mr;zrgement if( hPotl > hTargetPlus )
- Carp_on = true; —
D:aFQ On (in) else htarget (t)
LY H {
if( hPotl > hTarget && iDrag == 1)
Carp_on = true; htarget(ﬁnal) _|_ Ahalmg (t)
else
Carp_on = false; I
}
; Ah irag (1)
else . .
Carp_on = false; Pre-calculated along nominal trajectory

truely false
0
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Questions??
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