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Summary

|. Example — rocket launch.
1. Description of the script.
[11. Low thrust maneuver.



|. Example to verification — rocket launch

e Source:
https://apmonitor.com/wiki/index.php/Apps/RocketLaunch



https://apmonitor.com/wiki/index.php/Apps/RocketLaunch

|. Example to verification — rocket launch

%
min(t;) s(to) = 0.0
Subject to: v(ty) = 0.0
S=v m(to) = 1.0

1 — 0.202 qu.sz
v= m S(tf) = 10.0
1 = —0.01u? 0.0 <v(t) <17 v(t;) = 0.0

—11<u() <11
0.2 <m((t) <1.0



[1. Structure of the script

import numpy as np
from gekko import GEKKO

m = GEKKO()

m.time = np.linspace(0,1,101)

tf = m.FV(value=1.0,1b=0.1,ub=100)
t+.STATUS =1




tf = m.FV(value=1.0,1b=0.1,ub=100)
tf.STATUS = 1

= m.MV(value=0,1b=-1.1,ub=1.1)

STATUS =1
.DCOST = 1e-5

s = m.Var(value=0)
v = m.Var(value=0,1b=0,ub=1.7)
mass = m.Var(value=1,1b=0.2)




m.Equation(s.dt()==tf*v)

.Equation(mass*v.dt()==tf*(u-0.2*%v**2))
.Equation(mass.dt()==tf*(-0.01*u**2))

.fix(s, pos=len(m.time)-1,val=10.0)
m.fix(v, pos=len(m.time)-1,val=0.0)

.0bj (tf)




.options.NODES = 6
.options.SOLVER = 3
.options.IMODE = 6
.options.MAX ITER = 5600
.options.MV_TYPE = ©

.solve()




apm 193.19.205.166 gk model® <br><pre>
APMonitor, Version 1.0.3

APMonitor Optimization Suite

APM Model Size
Each time step contains

Objects
Constants
Varilables
Intermediates:
Connections
Equations
Residuals




Number of state variables:
Number of total equations: -
Number of slack variables: -

Degrees of freedom

Rkkkkkkkkkkhkkkkkkkkkkkkkkkkkkekkkkkkkkkkkkkkkkk

Dynamic Control with Interior Point Solver
RkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkRkkkkkkkkx

Objective : 3747.131196010218
Successful solution




print('Minimun final time: ' + str(tf.value[0@]))

v/ 0.0s

Minimun final time: 7.4942617694



import matplotlib.pyplot as plt
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m.time * tf.value[0]

.figure(1)

.subplot(4,1,1)

.plot(ts,s.value, 'r-",linewidth=2)
.ylabel('Position")

.legend(['s (Position)'])




.subplot(4,1,2)

.plot(ts,v.value, 'b-",linewidth=2)
.ylabel('velocity'ﬂ

.legend(['v (Velocity)'])

.subplot(4,1,3)

.plot(ts,mass.value, 'k-",linewidth=2)
.ylabel('Mass")

.legend(['m (Mass)'])

.subplot(4,1,4)

.plot(ts,u.value, 'g-"',linewidth=2)
.ylabel('Force")

.legend(['u (Force)'])

.xXlabel('Time")
.tight layout()
.show()
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[11. Low thrust orbital transfer

R = Vsiny (1)
~  VcosycosA
0 = R cos ¢ (2) m = _ T (7)
Vsp
(,b _ Vcos;/sinA (3)
u{r(®),a®)  (8)
. T cosa .
V = —— — gsiny (4)

. _ Tsina gcosy . Vcosy
y=— = +t— (5

i = —

V tan ¢ cos Acosy
- (6)
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The Optimal Control Problem - Constraints

tg <t < L —20deg <y(t) < 20deg
500 s < tr <2000 s 0deg < A(t) < 3599 deg
Mpin = m(t) = Mpmax
400 km < h(t) <402 km
Veir <V (tr) —180 deg < a(t) < 180 deg

—180deg < 6(t) < 180deg ON<T(t) <05N
—90deg < @(t) <90deg



 Initial conditions:
o Altitude: 400 km

* Velocity: 7802.88 m/s Objective: Final time minimization.
« FPA: 0°
J = min(t)
f

* Final conditions:
o Altitude: 402 km



Script

gekko GEKKO

numpy np
matplotlib. pyplot plt

math

m = GEKKO()

nt 151
tm = np.linspace(®,1,nt)
m.time = tm

p = np.zeros(nt)
p[-1] = 1.0

final = m.Param{value-p)

pi math.pi
pi2 pi/2.9©
deg2rad - pi/l8@.0©

3.986031954093051e14
6378135.
9.8

Surf 332.13
mass 180.0
A2m Surf/mass
propmass 20.9




isp 230
Ve isp“ge
mdot - 9.0

408000

Re+he

2

2
7668.5857946771698
8.0 deg2rad

hf 492000

Rf Re+hf

vf 7667.454673925565
FPAf = ©.8%deg2rad

mspf mass-propmass

19



Ru Rf
Rl Re+75806

LONG1 e
LONGu = pi

LATL = -pi2
LATu = piz2

¥l = vf
Yu = Vo

20%deg2rad
FPAL

Timel
Timeu

500.0
2000.0

(value
(value
(value
(value

(value
(value
(value

R@, 1b=R1, ub=Ru)

LONG®, 1b-LONGl, ub-LONGu)

LAT®, lb-LAT1,
Ve, lb-600@)

FPAB, 1b-FPAl,
AZI®, 1b-=AZI1,
msp®, lb-mspl,

ub=LATu)

ub=FPAuU)
ub=AZIu)
ub=mspu)

20



Tf = m.FV{1lb-Timel, ub-Timeu); Tf.STATUS

Thru = m.My¥ (lb=Thrul, ub=Thruu)
Thru.STATUS 1

) . .Intermediate(Surf/msp)
AT = m.Mv (value-©.©, 1lb--pi, ub=pi)

AT.STATUS = 1 .Intermediate(mu/r**2)

.Intermediate(r-Re)

.Intermediate(rho@*m.exp(-alt/H))
.Intermediate(6.5%rho*v*#*2)

.Intermediate(cl*pdyn*A2m)
.Intermediate(cd*pdyn*A2m)

.Intermediate(Thru/msp)

gf m.Intermediate(L2m/g)
Qhc = m.Intermediate(l.83e-8*m.sqrt(rho/@.5)*yv**3)
aqgr = 1.072e6*(v**-1.88)*(rho**-8.325)

Qhr = m.Intermediate(4.736e4*(0.5%*a_qr)*(rho**1.22)*359)
c_acc = m.Intermediate(v**2/r)

v_esc = m.Intermediate(m.sqrt{2*g*r))

BA 0.0




(r.dt()/Tf vim. (fpa))

{r‘m. (lat)*long.dt()/Tf vim. (fpa)“m. (azi))

(r*lat.dt()/Tf vim. (fpa)“m. (azi))

(v.dt()/Tf T2m* m. (AT)-D2m-g"m. (fpa))

(v fpa.dt()/Tf T2m* m. (AT)+L2m"m. (BA)-(g-v""2/r)"m. (fpa))

(v r*m. (fpa)*azi.dt()/Tf rL2m*m. (BA) (v*m. (fpa)) " 2"m. (azi)*m. (lat))
(Ve'msp.dt()/Tf Thru)

(final)

(disp

json

open(m. '//results.json')
results - json. (f)




apm 185.153.176.175_gk_model® <br><pre> -------------------------
APMonitor, Version 1.9.3
APMonitor Optimization Suite

APM Model Size

Each time step contains

Objects

Constants

Variables

Intermediates:

Connections

Equations

Residuals

Number of state variables:
Number of total equations:

Number of Iterations

(scaled) {unscaled)
Objective : 1.9000592927938146e+00 1.9000592927938146e+00
Dual infeasibility : 2.829592281512229@e-11 2.829592281512229@e-11
Constraint violation : 8.93918581007373462-10 1.2118201642152826e-07
Complementarity : 4.7367067492974097-08 4.7367067492974097-08
Overall MLP error : 4.73670674929740972-03 1.2113201642152826e-07




Number of inequality constraint evaluations

Number of equality constraint Jacobian evaluations
Number of inequality constraint Jacobian evaluations
Number of Lagrangian Hessian evaluations

Total CPU secs in IPOPT (w/o function evaluations)
Total CPU secs in NLP function evaluations

EXIT: Optimal Solution Found.
The solution was found.

The final value of the objective function is 1.88085929279381

Solver : IPOPT (v3.12)
Solution time : 3.19769999998971
Objective : 1.90005929279381
Successful solution




Results
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Fixing final conditions

* Final conditions:
o Altitude: 401 km
* Velocity: 7667.45 m/s
e FPA: Q°

to <t <t

2000s <tf <4000s

Objective: Final time minimization.

m.fix final(r, Rf)

m.fix final(v, VT)
m.fix final(fpa, FPAT)

29
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Thank you!

Questions?
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