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LECTURE 1 KEPLER ORBITS

Kepler orbits :
describe  where your spacecraft  is at In an orbit .

coordinate system
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2

• F

•

B
M

. Jf is
•

a ( 1 - e2 )\\ F
' <-ae >

EYO
~ ; Y • •

_••
r= -

× t i

,

A
'

a A
1 +  e cos O

•

B '

Pericerler : O - 00 rp=a( 1 - e) z . D
3- D

Aponte : 0=1800 ra=a( lie ) a : Sem major  a*s i : inclination

e : eccentricity R : ascending nodes

ra  + rp  = za a= ¥15 tp ,T : time of Pencak Passat w : argument of peicaw
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GRAVITATIONAL INTERACTION :

Newton f=g .

massimassz Total acceleration due to symmetrical Earth :

distance 2

Gm
.

= -

- . F

Elementary force : jf= -

Comsat AT rs

Csr )2 's
,

pdv
Radial acceleration

Totae force : E .  -

f. Toys . ftp.dv
=

- 61=-1
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Potential

= - ¥ = . If ;] } because of
earth irregularities .

GRAKITY FIELD Earth nonsymmetnc earth .

Gravity Potential :
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EXAMPLE '
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n In [10-6]
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GRAVITY FIELD EARTH

Main term : Uo = - I
SIDE VIEW TOP  VIEW

e.g..most prominent irregularity : Jz • Uz : F Jz ( RF )2 Pzsns "" HM " igy
compare

the perturbation by 32 : first  work out  with a parameter x

,
not delta

.

step 1 Pzcx ) = pzfzz
,

?y÷z( 1 - × 2) 2
= g1 ¥2 ( l - 2×2 + Xh ) = 1g ¥ (-4×+4×3)

.

no chain  neereeded .

RK ) = - 12+32×2
s
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,
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EXAMPLE :

West acceleration due to 23,2

* P ±

Us ,z  =
- F { + ] , , ( Rf ) 'B , .sn ( 8 ) .wsC2( X. Xsr ) )

step 2

Pslx ) =

,¥3 ,
¥ ,

( 1 - RP = Ex 3
. 3z×

Steps :

Brix ) = ( 1 - ×2P "

d2B"I= is ( 1 - xyx
d×2

Step h :

U ] ,2 =
- µ ] , ,zPe3i !

Is .ws 'S . smf . cos KCX - tar ) )

Step 5 :

Aew 3,2  = -

1-
. 0¥32 = -30µg , ,z .Re3 .

is adf.sn f. sin ( 2 ( X - 7312 )
rcoss

Linear Perturbations on orbital elements due to Jz

• Aazn = 0 • Dizr = 0

• Aezr = 0 • Arzr .  - zr ]z (Rpeepasci ,

• bw2r=t5r]2 ( ¥ )}scos2ca - ± )

joint:t÷o
at tone:a

.
:L

.ae?aa:aItIsDDDDnDDDdD'extra  mass
done by the satellites .

Sun -

synchronies
orbit : always with same degrees corresponding to the Sun .

Earth . repeat orbit : • Regn : Ground track repeats after j orbital revolutions and k
"

days "

Fruman
• Reg 2 : Effects are  measured art

.
 Earth  surface . [ = longitude positive  East

|
the repetition ! TT * lllk Mid

Eccentricity =o for  as%

Ali  =
- zrfe ( contribution earth rotator ]# - earn period .

↳ atmosfencdras fe .

slz  = - 3arzshR.ee#gszi ( contribution of a ) } J # " + Al 21 th "



DEVELOPING THE PREVIOUS EQUATION

j - zr
2n

-

3rT2ReZwsCi ) e=o assumption .

TE ayy - eye
=

422

assume acil or ica ) direct solution
a higher  altitude corresponds

iteration
. with longer orbital period .

( jlh)=Cl4 a = 7200hm  →

i=uzzo
Circular orbits : a = semimajor axis

minus  Earth radius .

a = 7300hm  → I = 119.50

|D every day a = asoohn  →  no solution .

Equatorial spacing . D= 2n Reg : driven by the total number of revolutions
, before

the repeat paton repeats itself again .

( 42,3 ) =
C 14,1 ) for example .

Sun - Synchronous ORBIT :

T : satelliteAlways :

jz.DE#=-zryzfRe)2osifI---2rFfTe..siOeraldasTES : orbital period of Eon

around tee  sun
.

Resuirema : 1=2,77
,

feel inclination is alway greater than 900
-

If

COMBINED
ORBITS :

jlslit DLzI=h2r and # = s¥= 2,1
# ES

JI - 22¥ t Er / = her → JT ( It -

fees ) = h aljihiteitesir )

F NALLY :
 -3222 (

ay ,
?eez , )2wgq , # = ?÷, →  ,

3 das repeat .

inco

gu , gym ,

✓
a hm



GEOSTATIONARY ORBIT

Characteristics : Effects of grants field :

• T= 23h 56ns his → a = 42164 hm
Tz and 22,2

• e=O ↳ constant East-west acc

• i= 0° on GEO satellites
.

AX  = . 5.6 . 108 sin (24+14.9) )

DV budget :

22/2 : 1. 7 Sin ( 2 ( X . 75 ) )

Sun + noon = 51.4



2nd Lecture
two dimensional :

Kepler orbits :
o
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circle

A• F '
• ate;lo•g•a

•

, ,

parabola

\ ye&iP& EQUATIONS :

all - e2 ) P rp=a( 1- e)
,

hyperbola
r= - =

-

1 + ewso ttecoso ra=a( He )#g e . , .eu . ,gµ , g. g , .gg mpg

V2=nf÷ . Ia ) Vairc . fE=Fa Vex - ¥

more equations : EKLIPSE

keplers equation ,
link between positionEelips : O=ec1 a > 0 Eto < 0

and the .

h=aFs tanE= Eye .tanE m= E . esne n= nlt - to )

[
> poicatopassge

the =Ei+^-Ei=E) r=a( 1- ease )

n - ecosei
Specific nosy : E=1zv2 . n , ,

totalugylnnrls

' ]
•

/ -

a 1=GEO
•

,
ILAGEPSI

I I.zo•K•Enusat
'

,
I

|
I

.

10000
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[ km ]



PARABOLA

e . l a= a Etot
.

. 0

P
r= - n= ftayF ) + £ tape

Tt wso

m= nct . to ) n= @ VE Vest = ¥

HYPERBOLA

e > 1 ac 0 Etot > 0

tanF= FIT . tanh I M= esnhf - F n= #
tap

m= nct - to )
r= all - ewsht )

V2=Vesc2+Vo2= 2ft Va2

Three Dimensional Kepler Orbits :

no more than 1800

Coordinate Transforms

Spherical to Cartesian : Cartesian to spherical :

X= rcosf cos X r ? ×2+ y2t zz

y=  ross sent rxy= Tty
2- =  rsn S

x=a¥2l¥. .¥y )

v 8=  ash ( Zlr )
atan  → ignores

outside -900 and + aO°

ataz →  one response 360€



PERTURBATIONS IN ORBIT MODELLING

Options : include directly in equation of motion .

¥[ = Amain + Asgrau + a drag + asolrad + a 3rd body + etcetera .

Option 2 : express as uaiahon of orbital elements
.

es . day = 2yfp[sesncoiviff
↳

racial .

↳ transverse
.

IRREGULARITIES IN GRAVITT FIELD TREATED BEFORE

Third BODY PERTURBATIONS

Difference between the acceleration
r

satellite
s of the satellite and He acceleration

Earth

rps on He origin of the reference frame .#
main

May have contributions to total,#f
g , sv budget .

(perturbing body )

Atrachonal forces :

• Earth atracts satellites
÷ = - GIFT 's + Gnp (Fp÷3

-

Fps)
• Perturbing body attracts satellite

The satellite does not attract the other bodies
.

• Perturbing body attracts Earth
.

• Not effect counts
Acceleration : ap=µp{fFp÷ys -

Tap}

taa÷l*=aF÷tEt

g-
maximum  when they are  on straight line

. third body

- -

main

81C



To situations :

HELIOCENTRIC :

• The influence of he son decreases with distance to Sun while the influence of

He planets increases .

• Acceleration from Sun 0 (102) mgzj dominant
.

A " son
,

3rd Acc
eota.to=CC Earth

, main Accsun
, man .

• Near planet ,
the third bats becomes dominant

'

rsoe = so |nµng÷)0
"

• Solo system : Sun dominant

• Neo earth : Earth dominant
.

• SPHERE OF INFLUENCE

→ Area around planet where gravity from the planet is dominant
→

Approximation
: sphere with constant radius and acceleration Mr2

→

Boundary : Not the equilibrium of the two bodies
. what is it then ?

PLANE TO CENTRIC

Sun

*#oa¥

3rd body Center 3rd body
pos Cn )

OF
Pos ( z )

R
. FRAME

• Influence of Sun as third body increases with distance from Earth
.

• Effective third - body acceleration by Sun OC 156 ) mgz

• Influence of noon as third body increases with distance from Earth
.

• Effective third . body acceleration by Moon OGO 's ) mcsz at GEO
.

• Next to earth : Earn dominant
,

noon most  important third body
.

Other planets 4 order smaller .



ATMOSPHERIC DRAG !

> specific , reference altitude

~ distance v. r
.

f)
Adas =

Offs
. 1zpV2°¥y p=Poe×PC -And , density scale height constant[

negative .

↳
ueloab most be taken using rotations atmosphere .

> also chases depending on day , night . §.

Max 04

min night

The drag causes a loss of eseyy ,
lowering He apocate and nahns the Ob 't

orator
.

CIRCULAR ORBITS : EFFECTS AFTER ONE COMPLETE REVOLUTION :

Dazr =
- 2r( Gmt ) p.az Sun - r (CIA ) pav@= -

4

/ sazr

AT2r= - 6h ( CIA ) p.ci/v Aezr = 0
U

Lifetime
.

SOLAR RADIATION Pressure

F
• amount of energy emitted by Sun at IAU = 1371%2 g-

n -

• depends on solo activity : So : solo constant
.

F

• solar radiation pressure : Ee = Xm → Enosg ( r ) ÷ Sclgaop
1

Arad = ( 1 +
P )

get ,µ , ,p
. F. f÷ .

Ee '
- distance in SU

W Hfsur .  SATH

↳ "

Cr "

Thrust
ccelerahon ar =

I I£t = 0 → unperturbed orbit
.

MSAT

• High Thrust :

can compete against central grants .

instantaneous velocity cnases

. Low Thrust :

attractue since high Isp

Primary propulsion interplanetary
station Creeping

.
 

→ transfer GEO
.



Low Earth ORBIT

• Tz is dominant perturbation for all LEO .

• Lou thrust already important .

• Atmospheric drag dominant perturbation at  uey low  altitudes
.

• Solo
,

lunar and Jzn accelerations very small but build up for LEO
.

• Kepler orbit very good first - order approximation .

INTERPLANETARY ORBIT

• Low thrust important

• Solar radiation can be important

• Kepler orbit
boy good first-order approximation

CHAPTER 3 ECLIPSE
,

MANEUVERS

ECLIPSE : Obstruction of Sunlight

• consequences : power ,
thermal control , attitude control

.

a PLANAR

. two - dimensional

. Sun at  infinite distance

ECLIPSE • satellite in circular  orbit
A Bar

. jensm of echsse : an A) = Re/a → X  → Teclipte = ( }÷o ) Torbit

42 Yo time at low Orbits

D8 Three - DIMENSIONAL

r=a+d

Picture



ECLIPSE CONDITIONS

n
A

. Satellite on  night - side of earth 4 > aoo

2
.

Satellite " hides " behind earth .

a c Re Es

•f 1 •pin . plane position satellite : Crsat
, o )

where :

sat .

acl - er ) P
- ± -

1 + ecoso 1 + ecoso

-
elementary rotation  about Z  axis

3D . Position : transformation : rod :B , (A) Rililpscw ) R ,= ( IIIso"gI
 

°g )

l¥¥ttk
.

with .tt :*::L

Angle 4 :

Rsun . Bat  =Rsun . rsat . cosy or OSY = IWSO + FSNO

where :

£= ( h . Xson  + mi . Ysun + ni . Zsun ) / Rsun
ENTERING :

a=Re

D=
(

lz
Xson  +  

MZYSUN
+

hizttsun
) /Rsun

Sin 24+0524=1

rsatt Pkeiewso )
CONDITIONS :

1
.

cosy = Ecosotpsn 0<0 SHADOW FUNCTION :

2 . A = rsat . say < Re Sco ) =Re2C| + ecoso ]2+p2CaosOtpsno2 - p2

TABLE ! !



COMPLICATION 1 : Umbra
,

Penumbra
.

LONG - TERM ECLIPSE BEHAVIOUR

• Idealized :

PITT
direction of he Sun

! orbit normal ah

. Reality ;

|Rct_T)
Eclipse  if :

art .R^sun a- Re

Complication 2 : flattens Earth
. a = (sslftjsgolfsoh)

SUN

Complication 3 : atmosphere Earth
.

B¥suN

Complication 4 : motion Sun
. Ssuu f T

SATELLITE

1
. % eclipse :

2. with eclipse :

feeeR-f_gg__-nohdff#fdffffgf-rE--PEsm
ANENT SUNLIGHT ?

saw , #

• Optimal h > 1h00 m not good because Van Allen Belt

SUN

B¥suN

Ssuuf
-

÷Sun . Synchronous Orbit  → ali )

• Ssou + psun
+ I = 180° - > psun C I )

. a. sin (psun ) = alijrsinpswlil = fill ZRE

÷
Line of nodes perpendicular to director to 8W .

• Extreme situations : 8sun= - 23.80<00,23 .S°



MANEUVERS

• Change In velocity ,
to  obtain change in orbit .

DV = Vz - Vi ✓ 2

sv= Hsvh SV

DE  = tz ( Uz2 - VR ) = tzcsv )2 + V , . DV Vi

Dos - leg maneuver ; most efficient  when

velocity is smallest
. Highest point of orbit

.

• Combined maneuvers are more efficient than Inclination  at Lowest
.

separated ones
.

UOUNAN ORBIT

• at  = tzcntrr )

• suit vpu - van = FEI -

±
high . low . she  = Vcr - Vapo  = @ - FEET )c•n
low - his "

• transfer = tztt  = R F÷

OPTIMAL CHANGE LEO TO GEO at ( 250hm
, [ = 28 . so )

Combined maneuver
, 40 plane change at perigee , 24.50 plane  change at  apogee .

CAN WE DO BETTER ?

1. Use Super . synchronous apocerter .
2. Use alternative techniques for in - plane transfer .

DVI

SVZ
SV3



3
. Use alternative techniques for out - of - plane transfer .

Earth  orbit .

out of plane orbit

DISPOSAL (1) : LEO DISPOSAL (2) :

• Lower orbit and burn up in atmosphere
• Raise circular GEO orbit to

• One tangential maneuver crater graveyard orbit ( Eeo +30ohm )

• Two tangential maneuvers Hohmann

• DV = lomls
IN PLANE PHASE SHIFT

. 6.8 hg propellant . ( msatdns  = 20006 ,Isp⇒oos)
. Orbital plane remains the same

E
• Reposition satellite  at new slot

• GEO , 66ps , Indium  examples



LECTURE 4+5 INTERPLANETARY EIGHT

• Introduction : planetsdisposition :

• much seater than earth missions

• Orbits of planets are more or less circular C except Mercury and pluto )

^ Orbits of planets more or less coplanar C except Mercury and Pluto )

" 2- D situation with ciraeo orbits  is  a good first  model .

BASICS : Interaction between three bodies :

,

SATELLITE Sphere of influence :

Earth
[ ps

ACC Sun
,

3rd
=

Acc Earth 3rd

To sw

aaearmman aasnna ,

rsoe - 3rd ( "mYjl°
"

•

GCc3rd/aqman = 0 ( 106 )

Kepler orbits
. SOI Earth : ~ 93000ohm ( 0.006 Ay )

Parabola @=1 ) boundary between ellipse

and hyperbola .

General equation for velocity is He vis - via
.

Excess ueloab Va  is  obtained at an

Infinite distance from he central body and

dependent on tie ode of he semi - major

axis : ✓ a  = #

TRANSFERS BETWEEN PLANETS

ftp.adf#akee_ : Longer transfer, it  arrives  at he planet  at a law
Bend

orbit than Type I.

: Not  enough energy to reach Mars .

: touches both orbits

fogs perfected



Hohman TRANSFER : around Sun :

• Coplanar orbits •Transfer orbit touches tangentially

• Circular orbits departure and target planet .

• Minimum energy .

• Impulsive shots

Interplanetary trajectory : succession of three influence areas
.

We end up with a series of

three successive two - body problems
,

eachone described to first  order

by a Kepler orbit .

Heliocentric velocities

The velocities are parallel .
The satellite

needs to increase its heliocentric velocity

in order to reach a target planet

which Is located further away from the

Sun .

gazettedeanetocertnc Scale
.

bad AV nanevuoe transfer , from circular to

hyperbolic .

Results in he excess oeocity Va
F- go.v.no



LECTURE 28.02.2018

HOHMANN TRANSFER ( CONTINUED )

•

main elements of computation interplanetary Hohman transfer : Table !

→ Semi .  major axis heliocentric transfer orbit

→ Vo  at departure and target planet.

→ percent velocity of peanetocatric hyperbolae
→ DV 's

E
SUN m

< >  <  >

semmajor ans of transfer ° 'b 't

yy.gg

Iuwo Period

SUNODK PERIOD : time interval after which relative geometry repeats .

soctr )= Ozcti ) - 01 ( £1 ) tz  = -4 + Tsyn

DOLEN = Or ( tz ) - O ,
ltz ) = Solti ) + ZR

.

Position of planet 1 and 2 Difference

Oi Lt ) = Or ,o + nz ( t - to ) SO Lt = 02 Ltl . Oi Ctl = ( 02,0 - 01,0 ) + Cnz - ny ) Lt - to )

02 Ct ) = 02,0 + hz Ct - to ) tz .

. ti  + Tsyn

mean  mohon
Geometry repeats afar Tsyn :

08 an  object . sqttz ) - Solti ) = zr
.

 - ( NZ - h 1) ( tzti ) = ( nz - na
. )Tsyn

ts÷=± . ÷



TRANSFER Time :

Tn = tftabit  =rFt
" [ %ay ]

m

WHEN TO DEPART SO

Positions  At  EPOCH 1 : Positions  At  EPOCH 2 i

O . lti ) = Q ( to ) + halt ,  - to ) Ozltz ) =  Oct  1) th , Th
Planet  1  at t1

Planet  1  at tz Ozltl ) = 02 ( to ) + hzlti . to ) Ozctz ) = Ozltn ) +  hztn

✓ Planet  2  at  tz Osatcti ) = Oilti ) = On ( to ) + he Lti . to ) Osat ltz ) = Osatltn )tr  = Oilti )tr=O2ltz)

planet  2  at  th / /
l u

f ,  = to  +

Gz Cto ) - Q ( to + hz Th - R Oilto ) + hilts - to )tr  

±
02 ( to ) + hzlt ,  . to ) +  nztn

hi - h2

FAST TRAJECTORIES tz  = ti  + Th

• Put  more  energy in departure

o • Faster than HOUMAJN TRANSFER
• Sem , . major  axis

" a
"  Is eager than Hohmann  value

*
•  Earth . Transfer orbit touches orbit of first planet , arbitrary•• •
• Mars

Va parallel to Vdep
• Satellite  in transfer  orbit

•• | • Va  at  Earth • Transfer orbit  intersect  orbit  of target planet  at  arbitrary ante

YZFO • Va  at Mars and with  arbitrary Va

. Unperturbed Kepler orbit
↳ flight path angle .

^ Forward propagation :  assume Us

Not He best w.it fuel and

su
.

Not used !

Hohmann  is  ideal energy transfer.



FASTER TRATECTOREES

TIMNG ROUND - Trip MISSIONS

AND LE COVERED BY EARTH :

AOE  =D Osat  + ZRN ( N=1) fastest for nws (N= - 1) fastest for venus
.

TOTAL  TRIP TIME

T=2Tu  ttstay see  = we T= WE . ( ZTU  + tstay )=D0sat+2rN

= Rtwn . tstaytrt ZRN

tstay =
2r ( Ntt ) - ZWETN -

UOUMANN
WE - Wm

T= 2r ( Ntt ) - Zwntn

we . wm

N :  are  integers ,
varies depending on the planet .

GSAUTY Assist Hohmannis not useful for for away planets .

HYPERBOLA
, =

a ( I - e2 ) cos ( Oem ) =
- tee

-
a co

1 tecoso
e > 1 Nail = lvatl

0 - refer to situation before

✓ a

'

=/ Va
'0

and after tee passing of the

central body .

B

s4=2[ E - Cr - Oem ) ]= 20am - r

E- F= - Fa VII. Fa a= - For

rp = all - e) → e - 1- A
a

a ( Va )
,

e ( Uoirp ) , Ocmcvqrp ) , SY ( Ua , rp )

• The bending angle increases for heavier blanets and for  smaller

percent distances

• The bending angle decreases with increasing excess velocity .

v.  ± Vz
VR - Vfseanet  + Vat - Zvpeaet Va cos ( E - of )

2

+

V22=V 2

planet  + V.
2

- Zvpeaet . Visas ( f  + ¥ )
Va six Uci

~ cos (E - x ) = sink ) and cos ( E - × ) = - sin ( x )

-



ENERGY GAIN OF SATELLITE

so Related to mass of planets
se

 
= V¥ . VzI=2Vplanet Va 's " ( ¥ )

• Increases with decreasing perverter Astana

• Strong dependence on excess ueloab .

TE GAAND '

OUR :

fffdthfp.gg



FLIGHT AND ORBITAL MECHANICS Introduction

UNSTEADY FLIGHT
easier for pilot .  in the  cockpit .

RATE OF CLIMB AND CLIMB ANGLE -
8 : flight path angle fad ] Vx - IAS for  maximum dnb range

#eef)&✓
Vsin ( 2) = RC rate of climb

. [ Mls ] VY - IAS for  maximum  rate  of climb

{← )r Vsh ( 8)⇐
 OSCM

. Optimum flight condition for  rate of climb is not he Same  as he Optimum flight condition for

flight path angle .

GENERAL EQUATIONS OF  MOMOU

Assume symmetrical conditions , symmetric flisht

.
Assume constant mass

,
realistic because climb tales only ion :n

.

→  →
Vz

F=ma di=d8

is
-  '  ' taz J D8

.

.

sia

÷÷. gina "no¥=Ftia+vo÷ %
. . ,#, Vi iai

,r , E=d¥ .ia  + V. do÷ . I - [
a ) one side

,
now look at forces .

-

→
-

=
'

.

Kai ↳ along trajectory

CENTRIPETAL ACCELERATION :

,
, use th , , because R → does not have  a  meaning for pilots .

a= V. off w= off } →  a=V.w - V. Va = ¥
sw RW =V w=VJR

Ra.HV )
Tasxt - D - want = kg .

dd Small aisle approx .
to simplify .

T
dt

#-) Y r
Lttsnxt . wwsr = wgv .

# ) T - D - wsnn )=hf . off
dt L  +  T.sn ( 8) - W =  hfv . %/ w -

D ( HV ) lia Small small
as (8) = 1 -

sn ( 8) =  sin ( 8) 20

w

CLIMB PERFORMANCE

Gives : W , Ulp )

Pilot  sets : T , V

G. c%+÷
/ III.

" raoa ,

cctzpV2S=w - EHJII
.

T - Cstzpv 'S - Wsnr  =o J= . ...

RC  = Usm ( 8)



CLIMB PROCEDURES

STEADY CLMB PERFORMANCE
excess power .

•T - is - wsnr=hf . Ft

) tug- Dv - wvsnr =o
pc=

Pa . oaseeftutoeosan
W W

L - W = kg . v. dr
° Pa - Pr -W•RC = 0

Ot
potuhueEp =m . g. H

energy
C) EP

Tt
- W . d¥

PERFORMANCE DIAGRAM Pa . Pr

Power  required .
V. D → D= Co . tzpV2s

T

Power RC nax  →

FEE:*. \
Airspeed

Airspeed

P
CONSTANT RATE OF CLIMB

Altitude

.÷iII!II÷#÷ "

.at#yt=i
¥

.

Waltraud
-

.
v Ama

Vtas

FLIGUT CEILING
P

his stage is
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REAL EN - ROUTE CLIMB PERFORMANCE

u

Acceleration .
FLZSO

,

I §

am

;
boost ,

-get  up 1

FGP retract .

FL  15

£  800  s

• Constant ( IAS )

• Max continuous power .

} what the pilot has to do
.

VTAS = VEAS . ¥
ARSDEED INDICATOR : p

. Total pressure - what the
Pt - Ps  = £pVFas( i ) Do

.
for noon . flow

} VEAS = TRITE pilot sees
.

• Static pressure poPt - Ps  = tzpo . VEast
(2)# EAs~- Iss incompressible

CONSTANT IAS OAS =  FAS compressible
.••-

crossover speed- • Unsteady dim :
• Qasi rectilinear

CONSTANT MA Cn
dv D8

- to
ft TO

ot

VTAS

E. O.M ;
T  D - WSMT = ¥ . I Introduce rate of climbot

1

hf . fff = Twsxt - D . ws ,n8
↳ W ¥ V. off = Tv - D. v - w.v.sn r

0 1

¥ .V¥f= Lttsnai - wcoso ¥ ' V. ¥t - Pa - Pr . Wpc

Pa - Pr
CLIMB PERFORMANCE : T

= RC + ¥ .
#

(e)
dt

W
DU the excess power is  used to  ascend

of
= 0

Pa - Pr

T
= RC

steady TO (2)

Constant  IAS ( TEAS )

RC steady = RC + Vg . 0¥ substitute time  with height . ( s )
Rc 1

⇐st y+ dvFe=¥nif¥ ( Fu a) Rest  =Rc+¥ . Ferc on 'VE

OV VTAS  = VEAS
. @

of = Rc . CI (4) RCST  = ( 1 + Vg.o@nJ.Rc p
du

•
En route  climb is unsteady

% =

dweas @ ) d ( Pg )•
Actual rate of climb ± steady rate of club = Veas

OU du

• Atmospheric data regard .



DESCENT PROCEDURE IN POUER FLIGHT CONDITIONS

••
• Accelerated flight while descending at \ Constant Ias

constant Mach . -. Secondly goes at constant IAS
. \ start Mach

RESULTS In : Unsteady flight : dd to
Ot

Quasi rectilinear : glfauo
} same as dmb

.

VTAS

• Final approach is done at a constant Slide Slope .

3° at Vree

VIEF

unsteady speed .

-
-

-
.

=..==•.
-

- ) 8gs=J°•- -
-

•

TOUCHDOWN

DESCENT PERFORMANCE

FUGUI  CONDITIONS : EOM :

n
0

8=30 V.
. . . Eg ¥=

T - D - wsinr T - D - Wsn 8=0

p= .
. .

W =
.

. .

no ,
=1

¥ . V . ¥=L .w.co# L=w

T= . . . .

1. Simplify E. O.m
a  = tzpv ?s=W

2
. Cc from  vertical ego

LIFT  DRAG POLAR Cc=
. . . .

3
. CD from lift . drag polar CD  = Got hci D= Cb . tzpvz . s = . . .

4
. Drag

Cos  =
. . .

.

5. Thrust

Procedure iderhcal to  climb Calculation
,

Low thrust  instead of high thrust
.

Performance along glide slope is different .



GLIDING FLIGHT

Gliders use tends to ascend
.

Failure of all ashes can happen .

How  much can  we glide .

EOM
.

n°
no D

. hf .

¥
'

 -

Hush
- D - wsncr ) fft ~~o o= - D - Wsnr J= arcsn (

I
)

,
O

D
. Fvi #

=L .

www.t#na
,

0= - Dtlsncr ) 8= arcsn (

E.
)

L=w= atspvz .s v= ftp.IEL

Minimum descent  angle

Airspeed at minimum glide  angle .

TOTAL The
,

DISTANCE AND Fuel CONSUMPTION

Files ration of points during flight

Start Of flight : altitude
, weight , airspeed →  Tuu  Power

Calculate :  Rc ,  Fuel flow , ground speed ,
time  =o

.

500 m hasnt :  airspeed altitude .

Calculate : time  =
1 weight  =  hltidwagnt - FF  . t

,
RC

,
FF

, groundspeed
RC

'

Contnuousg until fndahwde .

Given flight  strategy

Possible to calculate  performance.

} most optmal strategy ?

ENERGY UEIGUT

Minimum time to Climb POTENTIAL ENERGY AND KLNETIC ENERGY Is USED

•@
FINISH Ep=MgH Eu  =tzmv2

u

g.) ⇐ " → " note er % & PM "d Met 88 'I
START VTAS



ENERGY UEILGUT
u

Total energy :

Ueyhi Energy height : constant energy ties
.

Etot  
= MGU + 21mV W=mg En - U +12 ••

net2g ±¥yI*
 = > IT ,

V

OPTIMAL SUBSONIC CLIMB
TI > TI

minimum the to climb ?
•

o  →  Rcst

Unsteady climb :
3

¥cstaoy=^+¥?a €#)IS

on
•

A
>

Time to climb :
VTAS

t
,

t= f dt Eom : ZD symmetric flight .

to

Rc = off a →
d€=d1 ¥ . off =T - D - wsnr

RC

t.fn.net ⇐ f.
"a¥¥u ,

Even .ve#tx?i*n
.

du
Rcsteaoy Ig . dyz + Rc=Pa÷t |voV-tzdv

ENERGY :
1 dV2

2J Jt
+ RC = Patt

E  
= mg

. U + tzmV2 W

Ew = utfzv '  
= he

doted =PawI=Rcs
.

dtt dnh÷+

¥'±= dottttdotfifg
← Spongy

,

pyatananon otmm " #

the optimal trajectory is  when He  constant energy lines are tangential to rate of dmb lines
.

For pilot  it  is easy ,
constant  Its → for propeller.



LECTURE 2 : CLIMB AND DESCEND

SUPERSONIC :

AERODYNAMIC DRAG :

D .

- CD . I PV
'

. S • k=h( m )

• go  = gocm , } th 's  ' s because of Supersonic regions over the

Crs  = Go + hci airfoil , increasing drag ,

Dg^::#anyCD ,O 1
, a y • p

1

,040.8
no 1.2 µ 2.9 !

> had
M=1

OPTIMAL SUPERSONIC CLIMB - ALWAYS MAXIMUM THRUST

• From low altitude low speed to high altitude

high speed .
•• ( o )••••G-

• Start  at green e. re ,

Chech the best rate of climb
.

160
. B• 11 )

••

• Next energy level :  check th highest  rate of climb
.

••( 2) • ( 3) • ( h ) • ( s ) • C 6) • ( t )

• When 1=1 :  climb rate  very low so drop with the constant

energy line to  • ( 81 ns .
really constant because  maxthnst

.

• Move  at best  role of climbs to the right  until you  reach

Constant energy Are  connecting to the red part .  • ( a ) • ( 10 ) • ( i ) • ( 12 )

• ( 13 )



LECTURE 3 : A) RFIELD SPECIFICATIONS

TAKE - OFF MANEUVER

Vr Vr
V=O VLOF

e µ
Take off distances :

Ground run Airborne¥soStNORMAL TAKE - OFF screen height .

BALANCED FIELD LENGTH
.

*
failure  at  V=O scenario of take off with failure

••
faeue  at  some ✓

. . - . - .

•p scenario of stop with failure .

i
•

i • balanced field length .

also Normal TO distance without.•

! Engine failure  +  15%
. •
! I clearway•

•

!
•• *

VI runway stop way

max elevation  angle 1.25N

E. O.M ( GROUND RUN )

FDD KD

L
0

-

n
-

D \€ t \€nd%t v
Ds • •

.
.

w

DISTANCE REQUIRED

¥ . dote = T - D - Dg

o=n+L . w ) ¥ '¥t=t ' D - ncw . c) ×=fd×=§"Ivan = Iafvdj
Dg=nN a=Ew.CI- 5 -µ ( w - [ ) )

2

I  
= VLOF - > Liftoff ?

• Assumptions : Za

UOF
=→ No ground effect .

2-
→ No

wind.

→ Kot  = 1.05 . VmnNo runaway slope
.



AIRBONE DISTANCE TAKE - OFF

MVZ

j
,

a-
= mv .I ' \ RL

, Ot D8 \

r n ,
# \

i
.

'
. ,

,

'
;

1 \

,
'

,
' I ↳ ein

- . - . . .
-

- . - . . .
-

::
V 2

=L - W n =
I

=
1.10

× total = X transition  + Xclimb
R W 1.15

Xtr  = RSN Jamb  =
VLOFZ

✓ 2
g.

Sh ( 8ohm b )

gTz= ÷ - 1=0.15
VLOE

=p
0.15g hcamb

= hsu - h transition htr  = R - Rwskhnb

VLO .r2
EQUATIONS tanjd.my =herb

ht ' = ( 1 - wstchmb ) -

0.15g
Xclnb

.

Xtrans  =
VWFZ

sin ( Vchmb )
0.15g ZENEFICIAL FOR TAKE OFF :

so - ( e - cosy ) UI × total - alrborl  = Xtras + xcqnb

Xclmb = 0155
• High CL • Powerful engines

tans X total = Ground + Xarbore
.

• how weight

FACTORS AFFECTING TAKE OFF  PERFORMANCE

ENGINE THRUST

I = 0.25 → but not really needed for cruise after .

AIRCRAFT  TIRES

Friction coefficient ,
creates friction drag , to =p . ( w - L )

LIFT OFF SPEED
HIGH LIFT DEVICES : AERODYNAMICS

Vat  = 1. Os Vmn The more complex  → the heavier Less drag coefficient ,

~ but  more a smaller area
.

Vmn  = FFPZ.

1
But aft of speed is better .

Clmax

WIND '

.

If there's wind
,

the ground speed and He airspeed are not the same

GROUND EFFECT :

RUNWAY SLOPE

FLOW  FIELD ,
CL  increases ,

Cos decreases .



The FLIGHT MANUAL

• Vns : Minimum stall speed .

M¥8 • Vmc : minimum control speed

•

be
• ✓ mcg : Minimum  control speed ground

Vms Vmc
• Vet : Engine failure speed : ( reacizc pilot )

V¥ ,
Vr Vm Vue

mcg

v= # • Vt : Decision speed
.

• Vr : Rotation speed .

• Vmu Minimum unstch speed
• Depend On weight , configuration and weather

° Veo ,= 4ft of speed .

• Va Free air safety speed .

AIRBONE DISTANCE LANDING

Landing approach and flare. Vap = 1.0 Vmn

WOW MUCH DISTANCE  xap and XF ?many R ,Vap
FORCES ON AIRPLANE : EOM

) Vap
L

1. r

hg mV2

M¥5
=L - WWSCTAP)

\
-

\ R
.

\
\

, ✓ 2 0.1 Jet
. t.ge,j=±w

- 1 n=±
Xap Xf W

W 0.15  Droneuez

12=11 Vap = 1.3 ✓
min

Xg - R.sn ( Jap ) 0.1g
Vap  = 1.3 f

hf= R - R.ws ( tap ) D= known 5i¥i£na×

hap = hso - hf = hso ( 1 - ws( rap ) )R

Xap  =

haptanlrap

)

Ground ROUND DISTANCE LANDING

• Van = 1.3 Umm

• ttr  = ZS

• Xtr  = ttr
. Vap

. Xtr = 2.6 .
Vmn

.



GROUND ROUND DISTANCE LANDING

-

towers
' average .

A = § ( T -

D
-

n ( w - L ) ) e. on jnbrahns the wheels

0

a=¥t= ¥× . ffz ×=fd×= flaw = -

1.32 . Vmn2
Va

z . £ average .

when v= the

1. 32 r ¥ . } .

1 TOTAL DRAWING DISTANCES

X =
Ccnax

brace

§ ( - Trw - TJ Tbralelw - 4 ×tr= 2.6 Vmn Xtotal = Xtr + Xbrak

Factors INFUENANG LANDING PERFORMANCE

DESIGN Factors

• MINIMUM AIRSPEED :

• lower
,

less distance

• Clmax  as high In Landing as possible ,

but not in tale off . MoreD)
. Lower went better

.

•
AIRCRAFT WEIGHT

.

• Lower mass easier to move ,
less thrust .

••
AERODYNAMIC DRAG !

• Desirable in dawns .
( Parachutes

, airbrakes
.)

. Spoilers : two effects ,
Ass Aft , more dras .soBRAWWG '

.

• Deformation of wheels during funding for higher coefficient .

•
Thrust reversers ;



OPERATLONAL Factors

. A sleeper descent : shorter landing distance

• Screen height : airworthiness

• Load factor : Higher load factor ,
reduced distance .

External FACTORS

• Head wind
,

reduces landing distance .

• Brahms less effective on a wet runaway .



Turning Flout

Depends  on : Flight conditions and aircraft design .

EQUATIONS OF MOTION AND LOAD FACTOR

• Steady , coordinated ,
horizontal

.

& LL
" " "

H una ,
§

g. . ,v÷

' ^ ' 0 - Losco - w→
) ¥ LOSCIO ) = W stay altitude

(2) ¥ . ¥ = Lsn ( to )
W

0

T
(3) 0= T - IB T=D

# . ↳ not # .hftfaid aid
D

h= wt =2→ 2g → Zanes

gravity
.

LWSCIO )=W

1
n=

cos (E)

STANDARD TURNING

tati } e. on

•  Zale Nz : 1.5 Oesls Banh aisle =

Lyn ( # ,
' Pale 1 : 3 degls bank angle . 1s°

L cos # ,

= tan ( El =  1g,¥
✓ Rule 2 : 6deg/s bah angle =

V 2

D=
g. tan ( Io )

v

€1 ,

rate
The pilot  uses the giros cope .

••

v=rR
••



MAXIMUM LOAD FACTORS TURNING Turning DRAG

Force
DRAG

MAXIMUM TURNING PERFORMANCE µ
" ° " " " " •

-
*

Steepest turn : highest load factor possible
.

n=k = a. tzpvz .s

W lot hisw Vnh lower Vmax VV

V=rn . Fg. § .

± D= as . tzpvzs . as .tk/p.nsI.#.1asCc

D= E. vi. W D ana

occurs near

minimum  drag condition
.

CONCLUSION :

Maximum n :

Depends on :

• Function of airspeed
.

• Aerodynamic  and propulsion characteristics
• Determine  using performance diagram .

• Air density & aircraft weight .

MINIMUM TURN RADIUS :

Eom :
hnax n= to =

1
( 11  = LWS ( Io ) = W OSCE )

✓
z

Mt
( 21 = Lsu ( to )=hf . ¥2

( " = nsnlto ) =

a
13 ) = T  

=D V 2

R=
(1) - -

.
. g. h . 8h ( I )

Sh ( IOI = -r - I

V n2

✓ 2

R R -

=
stall engine g. vi. Ftn ,

Vr
R -

(E)
some



Mwimum TIME To Turn

R=
V 2

Large distance at a higher speed maybe reduce the turning
g # time

AR T
s

g.
.

"

t.ms#U..Yn..isAnEMNimum

• ✓ rmn c- Vtnw E Vnmax

ALTITUDE EFFECTS

URNING PERFORMANCE :

Based On : Eon
, Propulsion system , Aerodynamics , Aircraft Weight

.

AND ON ALTITUDE

more altitude
more altitude .

more altitude

=D

- theoretical ,

almost  impossible .

more altitude

Higher altitude , turning performance decreases

o Thrust decreases .

. Higher velocity required .



CRUISE Flight

CRUISE PERFORMANCES

•Best Range ( ¥ )ma× [ Es ] • maximum speed Wimax

• Best Endurance (F) nn [ h§ ] Flying high is always better !

BEST RANGE "

Point Performance - simplified jet

2. Path Performance - simplified Jet } 5. UNIFIED RANGE Equator

3. Part Performance - Propeller g. cruse performance of turbofan

4. Path Performance - propeller aircraft at transonic conditions .

POINT PERFORMANCE  IN SIMPLIFIED JET

F
INCREASING

ALTITUDE

¥ thrust
beganRaise

✓ . t.a.tn ¥=¥t=¥I. anatomy

flight .

••• ••
• L=w ( ¥ )ma×(÷)m

.

• T  =D
. v

Vopt - SL
Vast

L=W

a ¥÷÷ .EE?ewms#.=EFf=EFEil Mar

MAXIMIZE .

( €2)na×← ' ( ±yi)na× ¥( E) =0 72.1 '

×i2YidFx=o ( y
2

- x. 2yd÷×)=o
Yet 12.3<=01

dx

( D= ( Dot

€
1 axrtb

rAe -

y=a×2+b {A=r¥e 2 -×=2ax

be Cbo ax2tb=4ax2 ×= ¥1 Gµ=f¥orTe

IF ALTITUDE Increases {
.

gfastofhsht
. ane drag

. Thrust - Fuel flow .



LIMITS :

D
OPERATIONAL LIMITS :

• maximum operating speed Vno ¥•¥n.ase
•

maximum Operating Mach number Mno what  istunn ?

Van V

F
Van

)
Dmn= ( E) nnw

an E÷=↳If÷e=E÷+f÷e=§+b×
q

V d(C£|= . aI2+b=o =Fg a= Forte

}ANGE OF A SIMPLIFIED JET AIRCRAFT

F

EFFECT OF WEIGHT

)
Drag

Thrust L=W ,T=D

• V=fFf2E D= E. w
a a

Reduce weight
V~fw Reduce D~w Reduce

V

W MUCH AN AIRCRAFT CAN CLIMB FOR A GIVEN WEIGHT REDUCTION

It
best flying cord .

¥o=Pg
max

= hip Wt ? G 's CD constant

\ in W '  =p ? V.

=FjF£our :P ?
vz= ftp.ta

'

" to

FIFE
Wz Pi



IIEgIn3¥iFi¥ii÷ ui EE " I.I:#
angle of attack

Range constant
.

H tfnal

•
Wfnd

on ,*
• Constant throttle In  case of operational speed
• Gradual climb

• step climb limits
,

at high altitudes
Wstat

•

dumb t  start
with designated descent Constant V and & T= constant

, Maximum man

flight levels number  is  at a constant speed .

No  issue
.

Distance

MAXIMUM DISTANCE RANGE

ti

R=fvot=fwf¥rdw
- fwY¥ .dw =fM¥Ddwto

t÷= - dowz a = > dt=
-

OWF

.
1

a fY¥r¥Foi a =¥E÷fMo÷ . E. E. alien
Constant

CRUISE PERFORMANCE
OF PROPELLER AIRCRAFT

F

q
> constant Best Range Fuel flow

Pa=yPbr ( ¥ )ma× F=Cp . Pbr

Lo constant-
Bras

\
Thrust

.

Pa - TV =D . V = CE .w .v F § Pa
v

v.
RANGE : Cp UZ

constants
f  

= Cp . PbrR=fvot=fww°¥.ow=fYEp¥udw=fYE
.

. E. of Pa=nPb .

F= En . Pa

R - F. ftp.fyku.dw-hfp.E.hfwwstga.ge ) Altitude does not matter for raise

Only for time
.



UNIFIED EQUATIONS

PROPELLER

TOTAL EFFICIENCY :

→ tv
Rpop = ftp.E.ln ( wwtg )

Ztotae - ¥a
- energy from fuel

+ .v=Pa=nPbr= ftp.t Nt0tP=¥p . £
0  = F. Ug

→ eresy per hieo

Rpop . Ugnto .E÷ .h( Fg )
Ztotae = TI

JET

F. ng

Rjet=¥ . Etolnlhfsl
F

UNIFIED EQUARON Ntot , . I G. V
=

- =

VI.
Propulsion efficiency h .

E
n .

I Uict
s s

R= F. Not .E÷hH÷fItel
fuel ,*=noi÷> Aerodynamic ↳ structural

.> Foee quality
2*0

eAmn9
R ,e+= kg .nu .Cfa .ln( Eg )

Economics

PAYLOAD
-RANGE DIAGRAM

W - • Range A : Design Raise•

t.at#(gs%daFtan%aa

"

• Rangers : uehnaierase.

FUEL

Ofuee • • MTOW : mammon tale off weight

%P¥Y%0"¥§Y.ly#sPaucoaD
• nzfw : maximum too fuel wasnt

RESERVED
fuel

• OEW : Operational empty weight

OEW Range 3
o

Range 1 Rage z
R RESERVE FUEL :

Weather conditions

REMOVE Payload
Holding patternSOME

PAYLOAD

Payload

Range



SPEED RANGE -

A B

Bloch time : t= I
+ st -

Vcr R
,

Vcr

t Bloch speed
•

Reduans

speed Block Speed Vcr .
. .

Vcr.#= ¥ .
I -

vbeou

R
NOT STRAIGHT I ,

+ At

R

R

JOIN PAYLOAD AND SPEED :

WP . Vbioca  =[Pax the
, ]

Wp Cost
V WPVB

Direct :
••

. ••••
e.

Fuel
'

wasp
Raise (# Design page

. salary
• maintenance

R R R
Payload Bloch Speed Transport productivity

Indirect :

• Aircraft depreciation

EFFECTS OF WIND

Specific Range parameter
✓ Sound = Vair + Vwnd

I - Ground Saeed D
= 10ms

F Tailwind moves✓•
" " o

He axis to the lest
.

Rauoe tE%

•||
R=f¥Fdw Us = VTUW

two
who

Var

TAIL WIND

R=f¥+¥ldw=f¥ow+vw .fo¥
R=R(Vw=O ) + Vw . Endurance graphically solved



CRUISE AT TRANSONIC CONDITIONS

ASSUMPTIONS OF PREVIOUS Cruise .

.

• Single , constant
, fift Oras polar Not True

• Maximum power ,
thrust  independent Of airspeed NOTTWE } Transonic conditions

.

• Power / Thrust specific fuel consumption constant Not true

Ntotae --

Po÷=ut÷g⇐
> ¥=nw . ¥ 't YIY

,

SFEUFIC  RANGE

¥= Not . E. hg.tw maxine htotlm
,

h ) Elm )
CD

.

¥ - o÷t=± . ⇐

=EE÷o÷
. EG  

W
G ¥ = Fei ¥ ° ttg ' ¥

D= E. W M= V. E. CL
,

as ( m )
a

Maximize

CyCL CD

Capt ? M ? •o€onw→wm°nµCb= Cbot hcih

M . €
CD

CD a

L=W v= THE = Mia M2= wz . F. taz . £ (E.)na×⇒aos+ = fat

CL

y= cazzhanstai
Gopt- -  ' i¥y µ gw nay numbers

most
• we need a high a

I to compensate for low dnamic pressure
i

n

Mopt

HIGH SPEED DRAG DOLARS C
.

( h

µ :
0.5 0.7 085 0.92

µ•Cb= Cbo ( m ) + blah)G2 ~ OFS# no ::L'•#
0.9

ccCb



M .
€ Caeaeate and Plot in :

:
L

l
. Select M

D¥o;f¥a"
at ;Ie;tag.name

• 4. Draw aircraft Cym
•

5. Find Optimum position .

* M
: ax >  chose this  one because its the closest option

Ntot ( M
, n )

APPROACH
Behaviour Variation with altitude

, .
gngee aircraft weight : compile nax and min

airspeed in steady flight for various altitudes
.

CT
-

2. Create a grid on the envelope . compute
to

specific range (¥ ) of each point .

2. b) Compile CL
,

CD
, DRAG

,
Thrust

, Fuel Eow

M YF

3. Create contour Aes
.

:o%u@§ k¥1,1cruise

M



SIMULATION

FLIGHT SIMULATION

• Aircraft Performance
Human Interfaces

Point Mass .

.

3 EOM NO ROTATION PERFORMANCE App

Disobey Computer
• Usedfor :

• Complex situations } Aircraft operations

° Accurate results Aircraft design .

DEVELOP A SINULATON MODEL

APPROACH :

F. B. D k
. D

I
- e-

T D

T - D=m . of F- m.ci

de

constants control
D= Co. tzpV2s D - Cb . 1zpV2 . S • sign ( v )

Independent stale

water
du T - as .tzpV2 . s . sign ( V ) d×

=• Input : T dt m It
= VV

• Output : X ,
V

FLOW Chart

INITIAL CONDITION - Time STEP - SET THRUST - Compute derivates

i '

- 1 t= t -10.0 ,
T= 5000N d%t= ( 5000.011200

t= Os

V= 0%
SAVE COMPUTE New ×a CONDITION <

T= OU RESULTS TO STOP

×= On X= Xt V. 0.01

time ill =t if t= 10

D= ON
j=it1 break end .

m  = 200kg

Cb  = 0.01

S .

- 3m2

p = 103



MOTORBOAT CONTROL :

^ . Equation for captain behaviour
.

2. Calculate required motorboat thrust
.

1. PROPORTIONAL CONTROL :

Position error : Thrust corrective  action different captains will be represented .

C- = Xdesved - × T= K - ( X desired - × )

Thrust controlapplied is worst than Thrust  control T=ki ( Vdes - V )

+ speed control .

Vdes = hz ( Xoes - × )

. IDEAL CONTROL

• Max throttle
,

and at specific distance full negative throttle
.

INITIAL CONDITION - Time STEP - SET TURUST - Compute derivates

delta  = 10 Xswitch =
for ×< K switch

X Switch - delta
T=Tna×

Xswlteh  = 30 for  × > = $ switch

T=Tmn

SAVE COMPUTE New ×a CONDITION <

RESULTS TO STOP

If ×= 30  and V - 0

exit
.


