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Sistanid| Guidiae Naviggainone

PART |

Guidance Systems




Navigation

ANavigation Problem

Anertial Navigation Schemes
AGyroscopes and Accelerometers
Reference Systems and Models

MNavigation Equation and Error Sources

ANon-Inertial navigation systems

AGlobal Positioning System

Antegrated INS-GPS System

Axamples and Applications

what is my current position?
where am | travelling to?
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Guidkaiee

. GUIDANCE FOR PATH FOLLOWING
wGuidance aslosed loopsystem

wGuidance Classification
uProportional Navigation (PNG) actual heading
wOther GuidanceSchemes
wWWaypointGuidance desired heading
uiNoiseand Uncertainties
oExamplesnd Applications o the Path sy’ dstance

33

uhow we go from one point to another
uHow precisely we reach the target point
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BascDeffinittions

Guidance 2001 Odyssey Interplanetary Trajectory

is the action or the system that continuously computes the
reference (desired) position, velocity and acceleration of a
vehicle to be used by the control system.

The guidance system may be implemented in an open loop or
closed loop form.

Its objective is to implement a law that maintains a specific path
and/or reach one or more targets.

Early guidance methods were studied in Germany during the
end of WWII.

One of the most challenging applications, that led to advances |
guidance, was the Apollo program.

P (processo)

V (velocita)
In recent years, guidance became more closely connected with o
intercept and rendezvous problems, and the tools used for this LOsmes tyiste)

were taken more and more from control theory.
c | T (obiettivo)

|

V(t,—t)cos o
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Guidilanesasicdeded oOBiBystem

Feature of guidance:

A is the tight
association with the
autopilot and the
inner control loop. - Ll G,(3)

%N Tracker Noise Guidance Computer
e S T | (Guidance Processing Algorithms) |
I

) . R Target Tracker || & Guidance | & 4 Guidance
the guidance process is : Mok [[F0S R i “t;:;m,‘—’gsww P" T
primarily a kinematic - = Y | g
process 3 LOS b B =

Radome
Compensation

Parasitic Gyro G (s)
Paths Acceleration <
Qi livity AN

Parasitic Paths

[ Turbutence Dryden Model |- *
|

Y
Turbulence Noise

Am ,

y +JAirframe and Actuation | g i Flight >

A Pursuer Propulsion System Control  |Control
T,

E y Latkeral Surface | System
arget Glint Tarve o
N:.xu : Bt Lateral Apoel. Accelenation 3 (s Commands

S g y.i) “Target Mancuver Model | |
GlintNotse Model  Miss Disance 1)

Kinematics/Relative Geomeltry
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Guidianesaglcleded dmdp taystem

A The first block includes the complete
dynamic model of the vehicle, actuators,
external disturbances, and flight control
system (inclusive of autopilot).

The resulting command, from a guidance | _r
stand point, is the acceleratiodmy. ]‘ Am

y

This loop, as we can see from the input wencs Dy sl %

going into the flight control system, is pulence Noise
responsible for disturbance rejection, Ay 11 Ditane s o [ Acwatio >
rotational motion control, and Pursuct Propulsion Svuem' | Cosiit® | Comtsel

1 akcrml Dynamics Surface

translational motion control in the " Accelenation s (e Commands

RANBOGAZ2Y 2F (KS @SK
vector.

vv|,
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Guidiateesagloleded OB tBystem

A The block describes of the relative motion of the two systems. The target dynamics may be
known or unknown, and the output of this process is relate to the relative instantaneous
distance between the two, indicated by the ter'R.

PARASNC 1ams 0 wAwJ
25

I
| Amy
| Pursi

lLakn
Noise Accelen

%
arget Glimt Target Lateral Afcel.

B SN oo Target Mancuver Model

i} o’y Mt °, _
Glint Noise Model Mlu'l)‘uan? (Shaping Network)

Kincmatics/Relative Geometry
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Guidiaieesnasicdesed dmdp taystem

A The left block shows how the information relative to distance and direction is measured by
UKS OSKAOfS OUKNRdIzZAK | O2YLRZYSyu OFffSR a
the component, target, and environment knowledge, and finally sent to the guidance
process.

The actual guidance system is shown on the right, from a process point of view, meaning tha
guidance method and structure are not detailed.

Gy(8)
Guidance Compulter
| (Guidance Processing Algorithms)
L Guidance o + Guidance
(l';:i':‘r:l:fg) Smoothed o Saturation
LOS Rate - I

.‘l:‘“__?_ _l‘sﬁul:-
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Guidiaeesagloleded dmdHB taystem

A For a ship or an underwater vehicle, the
guidance and control systeasually e ==
consists of: — ]

L

A an attitude control-system ) [ Tudance
S_\'.",t()]Tl

A a path control-system L

navigation

In its simplest form the attitude control 25
system is a course autopilot.

The task of the path controller is to keep
the vessel on the predefined path with Weather routing | e it

some predefined dynamics (e.g. forward | we-r |_" g e
speed) by generating orders to the v PR
attitude control system. Generator Awopitor. 34 {0 P
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GuildiaecsCGRBFattciaton

A Many different ways of classification

A Guidance in terms of Phases of Motion
A Guidance in terms of Process
A Guidance in terms of Methodology

Mid-Course —|— Terminal —|
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GuidarecCastilieatarPihases©f Motion)

Cruise course/speed

Launcher clearance Closure on the target
Initial acceleration FCS & Navigation System corrections
Deployment of flight surfaces Onboard Sensors
Inertial navigation initialization External Tracking

Alignment Error Target sensing
: Vehicle performance

Violent, high G-force maneuvers
Target Intercept
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GuidianecClasiltaaitabkaxaphple

TRANSITION °N-°“B'T ON—ORBIT G&C
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Fig. 2 Space Shuttle mission profile.
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GuidianesCasHilteeitabkaxaphple

Integrated GNC System Requirements -
ssonosm’ RELEASEGUID EIPGEL(,S'D
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L]

RB TAILOFF O \

0% TuM=Tipxis " YARGBLEly “‘V@\MEC ET SEPARATION
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© CONTROL AND TRIM °AZ, Y
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RTLS SELECT AND
FIRST STAGE GUID 3
e ROLL TO AZ SRB SEPARATION RTLS GUIDANCE

e TILTPROG\ . e BODY RATES AND g ® PEG
e MEAN WIND e NO CONTACT MECO

TARG
STEERING Y Sg LIMET
LOAD LIMIT AND RELIEF e THROTTLE

e PROFILE e g AND MACH NO ~
$ECHOED « VEHICLE LOADS (G, &) ;
SQUATCHELOIDS C&\PlTCHDOWN
SSWE THROTTLE ET SEPARATION
e BODY RATES
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LIFT-OFF
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GuidnedCasHiitagtabaxapiple

SECOND-STAGE & OMS CLOSED LOOP GUIDANCE

POWERED EXPLICIT GUIDANCE (PEG)

LINEAR TANGENT STEERING

THROTTLE COMMANDS FOR 3-g CONSTANT ACCELERATION

MECO TARGET — VELOCITY, ALTITUDE, FLIGHT PATH ANGLE, ORBITAL PLANE

ACTIVE MA AL

GUIDANCE CONSTANT 3¢ MANEUVER TO
ACCELERATION BURNATTITUDE

ATTITUDE | ACTIVE
HOLD GUIDANCE

SRB
SEPARATION

PRE-MECO
THROTTLE TO 65% ?Gﬁ;lou
ET
MECO SEPARATION

GUIDANCE
~~ CONVERGED

ATTITUDE HOLD

ALTITUDE

FIRST-
POLYNOMIAL PITCH o PITC’FIST,‘VKSTAW‘.&G,E %L'JD'—%%NT%TEERING

& YAW MANEUVER PROVIDED AS TABLES OF TANGENT OF
THROTTLE COMMANDS | ANGLE/4 AS A FUNCTION OF RELATIVE
FOR TRAJECTORY VELOCITY

(MAX Q). ® THROTTLE COMMAND TABLES AS A
FUNCTION OF RELATIVE VELOCITY

ROLL MANEUVER |

VERTICAL RISE (TOWER CLEARANCE)
TIME
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GuidanesCasHifteetabkaxapiple

Ascent GNC Overview Diagram

[ GUIDANCE AND NAVIGATION | FLIGHT CONTROL

MANUAL RHC MAN
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SRB
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VSENSE

GRTLSJET
SELECT

wp [ Vnav

—>
4
CopCimEsTt e B il (RS ——.VSENSE-_
EDBAC
GIMBAL I 'FE—”

AEROSURFACE
COMMANDS

ANGLES I
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e e | vee

ATTITUDE qf’ TRANS JET

» "*| Processor | SELECT
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GuidianesCasHilteetabkaxaphple

SHAPING

L

MANUAL STEERING I 1|

A = DETENT

O
S

Guidance & Control Steering Interface
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l—o A
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7@_.
7 VREL

7
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ATTCMD

f0g

FCS
ATTITUDE
ERRORS
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PEGCMD

NOTE: ¢ & ¥ VECTOR LIMITING ALSO

AUTOMATIC STEERING | —|

TRANSFORMATION INERTIAL TO DESIRED BODY

DISPLAY
ATTITUDE
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GuidiarecCasHiitegtar{Phases ©f Motion)

Mars Global Surveyor Project .
MG_S Spacec_:raft Ir.n N@;ﬂ
Mapping Configuration oot

Structure Mass: 595 kg . .
Propellant Mass: 380 kg _ ) Hia?éﬁ:;n
Payload Mass: 75 kg E“:;;:e

L
Total Mass: 1,050 kg
Solar A
(2,315 Ibs) R

Propulsion

Module \

Drag Flap Drag Flap

Science Payload:
Electron Reflectometer ; r Equipment
Magnetometer | Module

Mars Orbiter Camera .

Mars Orbiter Laser Altimeter _z Solar Array _ |

Mars Relay Radio System Science Payload

Radio Science WLJLC DAS
Thermal Emission Spectrometer Dec 1995

The three phases of flight can be also identified in a completely different
mission. Let us consider the mission of traveling to Mars (courtesy of NASA
JPL). Itis obviously a complex mission with different engineering areas of

interest.
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GuidiarecCasHiteatar{Phases ©f Motion)

Mission Timeline

Mars Global Surveyor Project

Timeline of Major
Mission Phases

Nov Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct Jan Jan

EEAESETEEEIEERSER NI RS ENEESY IR ET AR SRV ERETIINE S
1997 __ ] 2000 2003

Launch Mol

Mission N

" Aerobraking

Pl Y v v
Distance

Perihelion Conjunction Aphelion  Opposition Perihelion

Mars to Earth

Distance = e
Maximum Minimum

it 2 I inter T spring )

‘:,;: e ! Dust il'ms

Data Rate to Earth [P )
M
(34m HEF) - '_."’“'""‘ —
< 5 O WL JLC

Oct 1995
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GuidianecClasHilieatar{Phass©f Motion)

Mars Global Surveyor Project ‘ The initial phase starts with the launch

Delta Il N(A\s’“ and all preset operations to reach
Launch Vehicle N Earth orplt. Basgd on.the current
astronomical configuration of Earth,
Launch Vehicle: .. .
McDonnell Douglas Aerospace Delta Il 7925 Sun and Mgrs, and the tlmmg Of arrlval’
Overall Length: 38.2 m the launch is set, the rocket rolls to the
Core Diameter: 2.4 m . .
Earth orbit osculating plane and ends
First Stage: . . .
IrMain Egngine: Rocketdyne RS-27 with 894 kN of thrust Its Operatlon, once reaChed a glven
Propellant: 96,000 kg of RP-1 fuel and liquid oxygen altitude and Velocity Capable Of
Augmentation Solid Rockets: inserting the Spacecraft ina
Nine 440 kN thrust solid-propellant graphite epoxy motors . .
Propellant: 12,000 kg each of hydroxyl-terminated polybutadiene parklng orbit.

Second Stage:

Engine: Aerojet AJ10-118K with 42 kN of thrust i i i
Propellant: 6000 kg of Aerozine 50 fuel and nitrogen tetroxide The g UIdance SyStem n th IS p hase

Is essentially coincident with the
Third Stage: .
Engine: Star-48B solid rocket motor with 67 kN thrust trajectory control system of the

Propellant: 2,000 kg of ammonium perchlorate and aluminum IaunCher
Spin Table to support, rotate and stabilize the upper stage '
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GuidiarecCasHitegtar{Phases ©f Motion)

The mid-course phase consists of three parts.
Ahe first is the departure from Earthoés grav
Ahe second is the insertion into the transfer trajectory to Mars
Ahe third is the deceleration into Mars orbit.

Method of patched-conics, which connects segments of Keplerian orbits.
Arhe guidance system is strongly connected to the navigation system.
Arhe implementation of guidance commands is usually pre-set.

Mars Global Surveyor Project

Roadmap From
Earth to Mars

Launch Period: 05 Nov 1996 to
25 Nov 1996 i

Launch

Arrival Period: 11 Sep 1997 to
22 Sep 1997

Time to Reach 301 to 310 Days,
Mars: Type 2 Trajectory

Earth at @

Distance Flown: 800 Million km Arrival

(approximate)

Mars Orbit

Earth Orbit 30 Days per Mars at

MGS Trajectory ———————> Tick Mark Arrival
9/11/97
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GuidianecClasHilieatar{Phase©f Motion)

Trajectory
From Earth

47 Hours
After MOI

10 Minutes per
Tick Mark

Mars Global Surveyor Project

Mars Orbit
Insertion Burn

Velocity Before

Mars O MOI Burn:
Insertion

SR Slow Down (AV)
at MOI:

x\./ Duration of
MOI Burn:

Orbit Around

What Happens
Without MOI?

" % Mars After MOI:

Capture Orbit
Around Mars
After MOI

5.00 km-zer second
(11,185 m.p.h.)

0.99 km per second
(2,215 m.p.h.)

20 to 25 minutes

Highly Elliptical,
48 Hour Period

Spacecraft Flies
Right Past Mars On
Dotted Blue Line,
Never to Return

Earth departure is obtained by performing a velocity change, which puts the spacecraft from the parking orbit
into a hyperbolic escape trajectory. Then another impulsive change is required to enter the transfer orbit
about the Sun (Hohmann transfer). Mars approach can be achieved in different ways, always via impulsive

decelerations.
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GuidiarecCasHitegtar{Phases ©f Motion)

Mars Global Surveyor Project

Initial Capture
Orbit Geometry

NKA\S}A

N

Capture Orbit Statistics: \From Earth

48 Hour Period
Highly Elliptical (e = 0.88)

56,400 km Altitude at Apoapsis Final Mapping -
Capture Orbit Orbit
Resulting From

Mars Orbit

Insertion

Mapping Orbit Goal:

2 Hour Period
Circular Orbit
378 km Altitude

AV (slow down)

of 1.25 km/s

(2,800 m.p.h.)
Needed for Goal
That's a Lot to Ask!

Trajectory if No
Mars Insertion

1 Hour per
Time Tick

Lorenzo Polling Sistemi di Guida e Navigaziong a

_ Trajectory
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Mars Global Surveyor Project

MGS Aerobrake
Baseline Profile

Aerobraking From Capture Orbit
to Mapping Orbit Altitude Takes
About 130 Earth Days

: . MOI+ ™
Middle Main Phase :,' ;\‘\ 100 Days‘
(period = 12 hours) ; ;

Early Main Phase
(period = 24 hours)

Early Main Phase
(period = 34 hours)

Mapping Orbit
(period = 2 hours)

Initial Capture Orbit
Walk-In Phase
(period = 48 hours)

Late Main Phase

(period = 6 hours)
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GuidianecClasHiktesibariPhase ©f Motion)
EX0ANPPE Enairtn Issi ke didbense

Boost (Inertial) . Midcourse (Guided) Terminal (Guided)

Predicted intercept
point (PIP)
* Onboard inertial guidance g

processing EOB
« Safe launch/separation In-flight &=
* Boost to ﬂlght EFEEd target W/
» Establish flight path updates - : P
* Arrive at pre-calculated point Handover Endgame Fuzing
at end of boost (EOB) Seeker
acquisition

* Onboard or off-board guidance processing : « Requires high degree of accuracy and fast
* One or more additional booster stages command response

¥ * Maintain a desired course » Can require maneuvering to maximum

* Bring the missile “close” to the target capability to intercept fast-moving,

* Trajectory shaping/energy management evasive targets

* Can be active endo through exo » Active endo or exo, typically not both

f = Off-board target tracking * Onboard seeker/guidance processing

Pre-launch

argeting
Engageability determination
Missile initialization
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GuidnedCasfitegbariProcass

Preset Guidance Direct Guidance

L J

Guidance Law

Preset Guidance Direct Guidance
All information is stored on the Information about the target is
vehicle at launch. Target information received at launch, as well as
is not updated during the flight.
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GuidnedCasfitegbariProcass

Command Guidance
A the guidance of a vehicle by means of electronic commands generated outside.
A The basic element is the relative position and velocity of vehicle-target
A Uplink the information so that intercept at some position is achieved.
A The information can be given to the vehicle in various ways (radar station, radio
frequency, laser beam, uncoiled wire, etc.).
A The main advantage of this solution is that there is no need of on-board seeker
A The main limitation is the influence of noise on the data transmission to the vehicle.

CLOS Command to Line of Sight
A The line-of-sight information is in some way given to the vehicle, thus improving the
capability of intercepit.
A If the vehicle can maintain the straight line between tracker and target (LOS), it will intercept.
A The input to the guidance algorithm is therefore the relative error vector and its rate
producing an appropriate compensating acceleration.
A This can be obtained by applied different control methods, from classical control,
to optimal control, from feedback linearization, to neural and fuzzy systems.
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Vehicle
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GuidianeeCGRfattitalidPrdeeRsLss)

Beam-Rider Guidance
Arhree-point guidance where the guidance algorithm maintains the vehicle inside
a beam directed to the target. The beam is usually either radar or laser generated.

Target Tracking &
Guidance Radar

Launcher

Separation

Beam Rider Guidance
() Lorenzo Polling Sistemi di Guida e Navigaziopp a LY 3ISIYSNRA I w2 6 2 Uni@di Pig M




GuidEanecCEsHiltaatariProcass

Homing Guidance

A Applied to the terminal phase of the guidance trajectory. The vehicle is guided by information
coming directly from the target,

Active homing:

Semi-active homing:

Passive homing:

In all three cases, however,

the vehicle has a transmitter and areceiverand i i | | umi n

the target, thus obtaining information about its position
and velocity.
then i | | u mcomestfronoars@urce outside the vehicle.

the target itself is known due to some special radiating
information that is unique to the target itself (heat,
electromagnetic waves, etc.).

Homing
Guidance

the vehicle must have a seeker
Reflected Reflected
Waves Waves Target
Radar Characteristic

/oy
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GuideanecCEsHilteatariProcass

Active homing: the vehicle has a transmitter and a receiverand i i | | u mi
the target, thus obtaining information about its position
and velocity.

Semi-active homing: thefii | | u mcomestfromoars@urce outside the vehicle.

Passive homing: the target itself is known due to some special radiating
information that is unique to the target itself (heat,
electromagnetic waves, etc.).

Transmitted wawve Transmitted wave

Wave emitted \ ﬁ \A Y {

by target

¥

p L LN N

¥

Passive system Semi-active system Active system

* Target emits infrared or » Off-board illuminator » Seeker onboard missile
stray RF signals
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GuidianecClasHiligatariMethodology)

An order to intercept a target or to reach a specified point precisely, the vehicle must
constantly travel in the appropriate direction

Adchieved by a guidance law built into the global guidance processor

AThe synthesis of a guidance law is obtained using different control methods
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GuidianecClasHilteatiariMethodology)

Although similar in principle (LOS information is crucial to the success of the
guidance), there are differences with respect to a particular aspect of intercept:
the capability of achieving intercept in the presence ofi@aneuverable target
and/or a target having speed higher than that of the venhicle.

The main purpose of the guidance law is to provide an
appropriate commanded acceleration history, which will
guarantee intercept.
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GuidianecClasHiligatariMethodology)

Apparent larget

Aspect
Angle

-
Vi

Target Flight
Y Path Angle

A
0 Target

e R
Vm
1.OS Vector e = Angle Tracking
(Boresight) Error
o, = Radome
Aberralion
(Refraction)
Angle
y = Pursuer Flight
Path Angle
Sceker \ o a = Pusuer Angle
Axis , ol Atlack
9, 1.OS : . 0 = Pursuer Pitch
Dish ;‘;‘F‘“ _ Angle
casurement R = Ixstance Irom
‘ Angle Pusuer to
Targel

Gimbal Angle
(1g
irue
True 1.OS
Angle

Lead Angl

Ylead

[.ook Anglg
"1 F’pc rfect

u&‘=VmY.L

Pursuer
Incrtial Relerence 4 . S
Clockwise: positive angle

Counterclockwise: negative angle

Rym
m+ '

X

0 X

GXN— r

Fixed CoTerinatcs

Typical Intercept scenario
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GuidianecClasHiligatariMethodology)

Pursuit Guidance (LOS guidance)

AThe first implemented historically.

Alt resembles the classical hound-hare course.

AThe vehicle aims directly at the target during the entire engagement.
ASuitable for stationary and slowly moving targets

ASimple HW implementation

It permits a simple implementation
Less sensitive to noise, pursuit guidance is
Impractical against highly moving targets,
resulting in energy consuming tail chase.

LTI et This is NOT the case for instance for ships
at all times. ,
and underwater vehicles, where the speed
advantage is much greater.
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GuidianecClasHiligatariMethodology)

Constant Bearing Guidance (LOS guidance)

A less demanding course is the one that predicts the target path and aims the
vehicle to the predicted intercept point.

This works well if the predictor scheme is accurate, and the autopilot is commanded to
keep the direction (LOS) to the target constant.

Initial Target Path

Intercept
Point

New Path

\ Constant Bearing
Path
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GuidianecClasHiligatariMethodology)

Proportional Navigation Guidance (LOS rate guidance)

Is a derivation of constant bearing guidance, and it will be studied in detail.
The basic concept I s to make the vehicl

rate from vehicle to target.
When the LOS rate nulls, the vehicle is supposed to reach interception!

L |
bt [ ]
i« a - =N
4 .s
= LAT

Initial _* P

Range
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GuidianecClasHiligatariMethodology)

Advanced Guidance ACalculus of variations,
AOptimization,

Identifies all new developments inthe ~ AConstrained nonlinear optimization

field of homing guidance. AOn-off control,

The problem is generalized to include ~ ADifferential games,

prediction, and optimality is taken AFuzzy logic, neural networks

into account in many possible ways. ARobust multivariable control methods,
AFeedback linearization
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CaligswonTTicagigle

Given a pursuer and an evader, with known:
A Initial positions P, and P,
A Initial velocities (vectors) V., and V,

%A that do not accelerate

t
Vi / : \ v, the two lay on a collision triangle if:
P, / to \Pt A Atime t; exists so that

A P_(t)=P,(t
Pursuer Evader m (t) = Py (&)

Intercept Point

On a Collision Triangle, the distance vector R(t)= P, (t)-P; (t) always decreases:
R <0
On a Collision Triangle, the LOS angle (angle between LOS vector and an inertial reference)
IS constant:
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CaligswonTTicagigle

Given a pursuer and an evader, with known:
A Initial positions P, and P,
A Initial velocities (vectors) V., and V,

%k that do not accelerate

t
Vi / : \ v, the two lay on a collision triangle if:
P, / to \Pt A Atime t; exists so that

A P_(t)=P,(t
Pursuer LOS Evader m (&) = P (k)

Intercept Point

Compute position of single vehicle over time:

Pm(t):Pm(tO) -}‘/m(t t-O) IS?m(t) Pm:(O) VmH-’Pt(t) Pt(oé: Vtt’

If a collision will happen at an unknown t;, then:

P.(t)=P(t) YPm(O) V.t P(O) Vi,
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CaligswonTTicagigle

Given a pursuer and an evader, with known:
A Initial positions P, and P,
A Initial velocities (vectors) V., and V,

%k that do not accelerate

t
Vi / : \ v, the two lay on a collision triangle if:
P, / to \Pt A Atime t; exists so that

A P_(t)=P,(t
Pursuer LOS Evader m (&) = P (k)

Intercept Point

Solve for V, to find the necessary missile velocity (as if t;, was known):

_PO)+Vity -P,(0)
Thus at a generic time t: P.(t)=P(0) Wt

. (1) =P, (0) LVl Pn(0),

V

f
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CaligswonTTicagigle

Given a pursuer and an evader, with known:
A Initial positions P, and P,
A Initial velocities (vectors) V., and V,

%A that do not accelerate

t
Vi / : \ v, the two lay on a collision triangle if:
P, / to \Pt A Atime t; exists so that

A P_(t)=P,(t
Pursuer LOS Evader m (&) = P (k)

Intercept Point

Now compute the distance vector, or range vector, between the two vehicles:

R(t) =P,(t) Po(t) PHO) M P,(0) Pt(o)”f Pnl0)

f

t[R(0) PO
¢

f

P.(0)- Pn(0)
{
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CaligswonTTicagigle

Given a pursuer and an evader, with known:
A Initial positions P, and P,
A Initial velocities (vectors) V., and V,

%k that do not accelerate

t

/ : \ the two lay on a collision triangle if:
Vm Vt. . c

P, / to \Pt A Atime t; exists so that

A P_(t)=P,(t
Dol Evader m (t) = Py (&)

Intercept Point

L e tadayyze this result: | R(t) :[Pt(()) _Pm(o)]gg t_t_ 2 R_-éto) 1 %t_ :
C :

f

C*f

R(t) on a collision triangle is R(t,) at t, and is 0 at t= t; => interception guaranteed by construction
R(t) is always decreasing, that is
R <0
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CaligswonTTicagigle

Given a pursuer and an evader, with known:
A Initial positions P, and P,

A Initial velocities (vectors) V., and V,

that do not accelerate

the two lay on a collision triangle if:
A Atime t; exists so that

> X A P () =P (k)

Define the LOS angle as the angle between LOS vector and an inertial reference. Thus:

s(t) atan%

aERY(t )

and by substitution of the Range expresssion: | S(t) :atan &<

f :
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CaligswonTTicagigle

Given a pursuer and an evader, with known:
A Initial positions P, and P,

A Initial velocities (vectors) V., and V,

that do not accelerate

the two lay on a collision triangle if:
A Atime t; exists so that

> X A P () =P (k)

Now the expression can be simplified as:
a a t 00
aR, ()b~ -~ 66
s(t) =atan® & ig &tan

e a t 00
égix(to)gé-a 9@

AR,

0
g Cost

This Implies that:
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CaligswonTTicagigle

Given a pursuer and an evader, with known:
A Initial positions P, and P,

A Initial velocities (vectors) V., and V,

that do not accelerate

the two lay on a collision triangle if:
A Atime t; exists so that

A Pm () = P (%)

Means that:

A The LOS vector is always parallel to itself during the
flight

A If LOS rate is controlled to 0, then the vehicles are on
a collision triangle.
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Proparttiiomns NNalggadio it Giiaaace

A PNG oProNav

A The basic principle for all types of PNG is control of direction of the
GSKAOf SQa @St 20AGéz gA0GK | aLISSR

A The principle was known and used by pirates in order to achieve
collision course with merchant ships starting from 1600.

A More recently, the method was studied by Germany at the end of WW
lI, and by the USA in the same period.

A Due to its physical simplicity, the method was implemented in the
SIFINI & QpnZ YR FANBO Lzt A&aKSR A
Aal GKSYFGAOFf RSNAGIFGAZY 2F Ala a
followed only 20 years later with the work by Arthur Bryson.
A PNG gives the possibility of defining theceleration commando
give the vehicle for intercept. While the magnitude of the
acceleration is common to most of the variants and proportional to
LOS rate, the commanded acceleration direction changes according to
different solutions.
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PNG\ M e Hat3ts

wPure PNG has the acceleration command normal tostecity of the vehicle
wTrue PNG has the direction normal to theS

wln modified True PNG, the acceleration direction is still normal to the LOS,
but the magnitude is proportional to the product between LOS rate and
closing speed (relative speed)

wGeneralized True PNG has the direction of the acceleratiosptafied

angle with respect to the LOS

wldeal PNG has the direction of the acceleration normal toctbeing speed
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PNIGVatfiaxtks

A Unified Approach to Proportional Navigatio@,Yang C. Yang, IEEE TAES VOL. 33, NO. 2 APRIL 1997

Common to all PNGs :

a, = \L X &

Acceleration is normal to a certain vectoand proportional to
LOS ratavvector

o =0k

Constant correction

—

Closing Vel. vector
0—a”
= _\_/} <+<— Interceptor velocity
~ Missile
2-D relative engagement scenario

described in polar coordinates
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PNGe 2D Intercept Sseapddo

O, - SL=H.

L= Al ead angl eo: t RHe
collision course (no further acceleration
commands are required for intercept).

He is known as heading error,
or the initial deviation from the

collision triangle.

X

Vehicle and target accelerations
Venhicle and target velocities

Vehicle and target flight path angles

LOS angle
Range

Closing velocity (relative velocity along the inst. LOS)
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PNGe 2D Intercept Sseapddo

Step 17 Write Cartesian velocities in polar form
£X,, =V, cos( g) £X, =V,cos( g

| : | _ .
1Z,=V,sin( g) 1Z=Vsin( g

Step 2 T Write Cartesian accelerations in polar form
(acceleration is orthogonal to velocity by construction)

N\

X \éxm: 'AmSin( mG) \gxt: Asin( tb

=A,cos( g) %Zt =A cos( g

Step 31 Write flight path angles

:arCtan
= fj

g =Arctang—
t
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Step 4 7 Write Range R and LOS angle




PNGe 2D Intercept Sseapddo

Step 51 Derive flight path angles

az, 0 _
0)

. d

g, =—arctan g
d ¢ Xnm

A

gtvt

Step 6 T Derive LOS angle

o

S d arctan 0L Ly
*x

Step 7 1 Derive R to obtain Closing Velocity V.
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