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Introduction to Missiles

Nozzle

+* A guided missile is a guided self-propelled flying

weapon usually propelled by a rocket motor or a

jet engine. An unguided self-propelled flying |

munition is called as a rocket. Y ™ Action
** Guided missiles form the cutting edge of all MRocketmotor _;_ V

weapons of war today. — —
** While guided missiles have become more and more T=fl,

sophisticated and smart, the fundamentals of
missiles remain unchanged.

** A host of different disciplines of science and
engineering go into the making of a guided weapon

Aerodynamics
( Normal Force: Impacts Maneuverability )

system. b i Propulsion
o icci i ’ d ) e
» A rocket or missile exploits Newton’s 3¢ .Iaw. A (Axial Force; Impacts Range (Thrust )
force pushes a steady stream of gas out behind the L=

rocket, and a force of equal magnitude pushes the
rocket/ missile itself in the opposite direction,
forward as shown in Fig-1.

\ / (Weight)

Fig-1: Forces acting on a missile




Classification of Missiles

(

\_

+* Guided missiles may also be classified as strategic or tactical, with further
subdivisions depending on the role.

+» Strategic missiles are large missiles, often with nuclear warheads and
very long ranges, meant to destroy the enemy’s ability to wage war.

*»* The target for strategic missiles will be a fixed position on earth, such as a
city, troop forming up position, etc., whose coordinates are known a
priori and the missile has to be programmed to fly to this geographical
position.

+» Strategic missiles follow either a ballistic trajectory (Ballistic Missiles) or a
low altitude aerodynamic trajectory (Cruise Missiles) as shown in Fig-2.
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Fig-2: Trajectory of strategic missiles




Classification of Strategic Missiles: Ballistic Missiles
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+»» Ballistic missiles are accelerated to reach hypersonic velocities at a point P, at

which, the thrust is terminated (cut-off velocity = 7 km/sec) and the missile
subsequently flies, subject only to gravity.

*» It invariably flies above the atmosphere, with the apex being at an altitude of
300 km or more and re-enters the atmosphere to terminate on the target.
Consequently, it has to overcome the problem of re-entry into the atmosphere.

** When it enters the atmosphere again at hypersonic velocities, extremely high
temperatures are produced due to atmospheric friction, which can melt most
of the metals.

| Carbon—carbon re-entry shields are used to withstand these temperatures.

; Atmosphere ,

/\

Fig-3: Ballistic Missile Trajectory
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** The surface/submarine launched ballistic missiles are classified based on the range of the missile.
X They may be called ‘Inter Continental Ballistic Missiles’ (ICBM) if the range is over 5500 km;

* ‘Intermediate Range Ballistic Missiles’ (IRBM) if the range is between 3000 km and 5500 km;

* ‘Medium Range Ballistic Missiles’ (MRBM) when the range is between 1000 km and 3000 km;

*» ‘Short Range Ballistic Missiles’ (SRBM) if the range is > a few hundred kilometers, but < 1000 km.
» ‘Theatre Ballistic Missile’ (TBM) if any ballistic missile with a range less than 3500 km.

000000

*** The long-range ballistic missiles invariably carry nuclear warheads.

*** Many ICBMs carry multiple warheads called ‘Multiple Independently Targetable Re-entry Vehicle’ (MIRV),

which can attack different target locations.

~
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Classification of Strategic Missiles: Cruise Missiles
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*»* Cruise missiles fly the aerodynamic trajectory. They are usually subsonic and fly at a very low height of a
few meters above the ground/sea to avoid radar detection.

** Tomahawk is the well known missile of this type. These are usually powered by turbojet engines and are
practically unmanned aircraft.

** They have low radar and infrared signatures to avoid detection. Their range is extremely large, varying
from a few hundred kilometers to several thousand kilometers.

** There are also a few cruise missiles, often air-to-surface, with ranges of a few hundred kilometers, which fly
at supersonic speeds at great heights, typically, well above 10 km.

** Those, which have a long range may be powered by Ramjet engines (e.g. BrahMos), and those in the

9 shorter range bracket may opt for rocket engines. )
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Fig-4: Cruise Missile Trajectory




Classification of Missiles: Tactical Missiles against Moving Targets]X(

+*» Tactical missiles, on the other hand, are meant for battlefield use for the limited purpose of winning the
battle or encounter and will be launched to engage moving targets.

*» Tactical missiles have far smaller ranges, measurable in tens of kilometers instead of hundreds and
thousands of kilometers of the strategic missiles.

\*2* All the SAMs, AAMs, ATGMs & AShMs come under tactical missiles category.

)

Classification of Missiles

+** Missile Classification based on Missile Launch Platform & Type of Target to be Engaged:
1. Surface-to-Surface Missile (SSM) (e.g. Prithvi, Agni, Scud)
. Surface-to-Air Missile (SAM) (e.g. AKASH, QRSAM, AKASH-NG, LRSAM, VSHORADS, S400, Patriot)
. Air-to-Surface Missile (ASM) (e.g. NGARM, RudraM-Il, RudraM-Ill, SANT, AGM-65 Maverick)
. Air-to-Air Missile (AAM) (e.g. Astra, Meteor, AIM-120)
. Anti Ship Missile (AshM) (e.g. BRAHMOS, NASM-MR, HARPOON, EXOCET, NEPTUNE, YJ-18)
. Anti Tank Guided Missiles (ATGMs) (e.g. NAG, HELINA, MPATGM)
. Underwater-to-Surface Missile (USM) (e.g. BO5, UGM-96 Trident)
. Underwater-to-Underwater Missile (UUM or Torpedo)

LONO UV B WN




Classification of Missiles

K

*+* Missile Classification based on Speed of the Missile:

!

1. Subsonic Missiles: Missile Speed < 1 Mach (e.g. NAG, MPATGM, HELINA, NASM-SR)

2.Supersonic Missiles: Missile Speed > 1.2 to 5 Mach (e.g. AKASH, QRSAM, AKASH-NG, S400, PATRIOT)

3. Hypersonic Missiles: Missile Speed > 5 Mach (e.g. LRAShMM, AVANGARD, KINZHAL, DF-17, YJ-21, HACM)
** 1 Mach = Sound Velocity in air (at 15°C) ~ 340 m/s.

J
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** Missile Classification based on Type of Propulsion of the Missile:

\

1. Solid Propulsion Missiles (e.g. QRSAM, VSHORADS, ASTRA, NAG, MPATGM, NGARM, NASM-SR, AGNI)
2. Liquid Propulsion Missiles (e.g. PRITHVI, RS-28 Sarmat, DF-5, Trident Il DS)

3. Solid Fuel based RAMIET Air breathing Missiles (e.g. AKASH, SFDR, Meteor, KH-31)

4. Liquid Fuel based RAMIJET Air breathing Missiles (e.g. BRAHMOS, STAR)

5. Turbojet Engine based Air breathing Cruise Missiles (e.g. EXOCET, Kalibr, Babur, CJ-10)

6. Turbo Fan Engine based Air breathing Cruise Missiles (e.g. NIRBHAY, SCALP EG, AGM-86 ALCM)

7. SCRAMIET based Air breathing Cruise Missiles (e.g. HSTDV, X-51A, HAWC, ZIRCON)

\




Various Sub Systems in a Tactical Missile

Dome Seeker Warhead Electronics Warhead Propulsion Flight Control

*** Guided Missile Subsystems: Any missile system is
made up of several subsystems. These are as follows:
» Propulsion

> Airframe BatIery

> GUidance \ Witlgs Stabilizers}
» Control System (Autopilot)

» Actuation System: Electro Mechanical Actuator S

] . Fig-5: Various Sub Systems in a Tactical Missile
(EMA), Electro Pneumatic & Electro Hydraulic.

» Sensors: Inertial Navigation System (INS) consisting
Rate Gyros & Accelerometers, GPS, RF/ IR Seeker.

» On-Board Computer for executing Control, Guidance
& Mission Software

» Avionics Systems (RF Data Link, Telemetry System)

» Warhead, and Safety & Arming Mechanism (SAM)

> Proximity Fuze (Radio / Laser Proximity Fuze)

» Missile Power Supply (Thermal Battery or Alternator
in Turbojet/ Turbo Fan Engine based Cruise Missiles) j '

Fig-6: Missile Subsystems are Analogous to a Human Boxer,




Missile System Conceptual Design & System Engineering

Start from mission requirements and select an existing\ [SE|ECtMiSSi0" REqUifemEﬂtS]
e fa R, ¥ Revise Mission Requirements
The baseline missile enables balanced system [33'3‘3‘ Baseline "“55“3]
engineering using validated test data. 2 i
Modify aerodynamics, propulsion, subsystems, mass, [ Select New Missile ] _

. . " Revise New Missile
and trajectory to meet new requirements. '
Evaluate against flight performance requirements Compute Aerodynamics
(range, time-to-target, maneuver capability etc.) -

Compute Propulsion

If requirements are not met, resize and iterate.

After meeting flight performance requirements, assess
other measures of merit and constraints.

These include seeker performance, lethality,
survivability, reliability, cost, and platform integration.
Once all the req uirements ar.e.met, finali.ze.the . [MeetFlight Poitoimainos Requlisiessts? ] .
conceptual design and transition to preliminary design. Ve B

Compute Weight

Compute Flight Trajectory

i

No

and Constraint Requirements ?
+Yes ©
Fig-7: Missile Conceptual Design and System Engineering Process o

/ [ Meet Other Measures of Merit ]Nn i




Missile Technologies: Aerodynamics

4 N\
*» Aerodynamic configuration and system engineering synthesis requires consideration of alternative

configurations, aerodynamic technology, and the process for resizing the missile.
+* Geometry Outputs: Body size (diameter, length) & nose shape.
+»* Surface Outputs: Size/ Geometry of Wings, stabilizer & control surfaces.

+»» Aerodynamic Outputs: Aerodynamic coefficients and derivatives (C,, Cy, C,,,, Stability & Control).
\. J

Propellant / Fuel

Diameter Stabilizer , r 2
Nose Fineness Geometry / Size % Key Outputs:
Wing Geometry / Size Thrust v' Lift, Drag, Moment coefficients
Profile v' Static stability derivatives

v" Control effectiveness
v Trim & maneuver limits

-

Flight Conditions ( a, M, h)

+* Applicable across Regimes:
Flight Control Length Subsonic—Transonic—Supersonic—Hypersonic

Geometry / Size
Fig-8: A typical Missile Aerodynamic Configuration
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Missile Technologies: Aerodynamics

Impact of Aerodynamic Design Variables on Mission Measures of Merit:
'N; ;d Sw ,SJ Typical Impact on Missile Mission Requirements / Measures of Merit( MOM ) 6 r Tailored Ad:?lgagesi =
t _S-c,{:ﬁ Flight Performance MOM Other Typical Measures of Merit Sys Engr Weapons :f_owgém; W y
Aero Configuration onstraint W = Lo:ner
Sizing / System Maneuver- | Time to | Robust- Miss | Observ- Launch __g ,ﬁ’ i @‘3@4,
____Engineering Parameter __|_Range | ability | Target | ness _|lethality Distance!| ables [Survivability | Cost = 6 Comventonl Advantages: &F W /ﬁ ,.‘:‘f-,f*"
< - ' S <
Nose Fineness (Iy/d) g 2; O O. O O. O. . . O O S '(Ne.;ap(;ns .E:ﬂll:’::;:;ﬁg:“g o ~-\7’I( ﬁ |
& circular Vel
Diameter (d ) o© O |0@| O © o O O C®| @ __—'_ cross section ) I'ﬁ?sr;:!?etric Aerﬁ-;fﬁézgg @ "
Length (1) e® O |¢ | O |Oe|Oe]| O O 100 @ t Structure @%. S LY 7
o 4 L _% = M‘:
Wing Geometry/ Size (Sy)| @ O @ | O O O < o & O - " w /)?j% - Radar
= X
TailstabGeom/Size(31) | @ | @ | O | O @@ |0®| @ < - O r:l»/i V&m fjf iy si:::f:n
Flight Control Geometry/ | ‘@ ® | O|O0 | @ | 0| e - ®) O .ﬁm’i‘ﬂﬁ%’/ = B
Size ( Scontrol)
: q 3 T | 1 - L |
FlightConditions(Angle | @ | @ | @ | ©® | © | © | © Q ® | O |
of Attack e, Mach 2 Circular 4 6 8 10
MANEN AN y Cross Section Body Planform Area / ( Body Volume )2
@ VeyStong @ Stong (O Moderate  —  RelativelyLow Fig-9: Key Trade-off: Aerodynamic efficiency vs Stealth
r N
*** Key Trade-offs:
v Drag vs Seeker Range
v Drag vs Warhead Lethality
v" Maneuverability vs Stability
v L/D vs Radar Cross Section (RCS)
L\/ Control authority vs Heating & Loads p
11




Missile Technologies: Aerodynamics Technology Development Process

9. Flight Test

Validation***** 1. Conceptual Design Aero Prediction*

4

8. Detail Design™** 2. Preliminary Design Aero Prediction**
] /——{ Sequence of Missile
= | AeroTechnology
7. Hardware-in-loop Simulation | Development 3. Preliminary Design Optimization
6. Autopilot Design » 4. Wind Tunnel Test Verification
I 5.6-DOF
Digital
*Typically 5 to 50 input parameters Simulation***

**Typically 50 to 200 input parameters

***Examples: CDAC++, MATLAB

****Typically over 200 input parameters

*****Typically about 50 channels for telemetry ( TM ) data ( e.g., acceleration, angle of attack, Mach number, altitude,
roll angle, flight control deflection, hinge moment, temperature )

Fig-10: Missile Aerodynamics Technology Development Process 12




Missile Technologies: Propulsion Technologies

%+ The propulsion system is essentially the engine, which enables the e

missile to start from rest, reach a high velocity, and keep flying at this
velocity.

** Missile propulsion uses rockets or jet engines, both work based on
Newton’s third law. High-pressure gases from fuel combustion are
accelerated through a nozzle and expelled rearward to produce thrust.

¢ Reaction produces a forward thrust on the vehicle: the key difference is
that a jet engine carry only fuel and use atmospheric oxygen, while a
rocket motor carries both fuel and oxidizer as chemicals, making them
self-sufficient for burning.

** Hence, rockets can provide thrust, even if there is no atmosphere,
whereas jet engines cannot.

Turbojet
3’000 [ R

Scramjet

1,000

Thrust/ ( Fuel Flow Rate ), Specific
Impulse, l5,, Seconds
(]
S

%" Solid Rocket

0 2 4 6 8 10 12
Mach Number

Fig-11: Specific Impulse (I,) of
tactical missile propulsion alternatives

D

+» If a rocket ejects propellants at the rate of ~ kg/sec at a velocity of  m/sec, the forward Thrust
produced on the missile willbe = ( ) Newtons.

+* The Figure of Merit for rocket propellants is Specific Impulse ( ), defined as = — seconds.

¢ The propulsion sizing output includes the thrust, Specific Impulse, and the propellant/ fuel weight.
% Fig-10 shows the Specific Impulse (l,) of tactical missile propulsion alternatives.

13




Missile Propulsion Technologies: Rocket Engines

Solid Rocket Motor: "t

Nozzle exit cone
Aft skirt

Insulation

Propetlant grain - =7 i

Forward skirt

Slots in grain

Motor case body

termination " Cylinder perforation

opening device

Fig-12: Schematic of Solid Rocket Motor
Liquid Rocket Engine:

Check Check
valve valve

Tank i Filler Fank

vent N 4 K vent

valve > < valve
High-pressure

—4— gas valve
(remote control)

=

1 Fuel

Oxidizer
tank

tank

pressure
gas
supply

valve

___— Propellant valves
I - (remote control)

i i
HS '.'.: +n Restricting
> Sauiert ifice
Optional ey Lo
additional - —:r-—
thrust 1l
chamber(s) Rocket thrust chamber

Fig-16: Schematic of
Liquid Rocket Engine

Thrust

Thrust

Radial Boost
End Burning Sustain
Simultaneous Burning

Fig-14: Solid Rocket Motors: Boost- Sustain

Burning Time

Burning Time

) " ".‘ A 3 o) "\ I\ I Y l"l."il'l.:."'l
LAk '1& &ﬁ o A j

]

Concentric Radial Burning
High Burn Rate Boost
Low Burn Rate Sustain

e R

Time

1# Pulse: Radial E{msl'.
2 Pulse: End Burning Sustain
Separate Burning ( Pulsed Motor)

Note
Mechanical or chemical barmer allows vanable bme delay between pulses

Each pulse increases molor cost approximately 40%
Fig-15: Solid Rocket Motors: Pulsed Motors

Examples of Pulse Motor TMC ( Variable Time Interval Between Burn )

Thrust
-
2

g 4
-—— g

1% Pulse: Radial Boost
2" Pulse: Radial Sustain / Boost

Separate Burning ( Pulsed Motor)

Boost Propellant
Sustain Propellant

14




Missile Propulsion Technologies: Air breathing Engines

INTAKE ~ COMPRESSION COMBUSTION EXHAUST

_.,/if'
) S
bt M S,

Air Inlel/ Combustion Chambers Turbine

Oxidizer: Atmospheric
Operating Principle:

Mechanical compression;

thrust from high velocity
exhaust.
** Subsonic/ Supersonic

High-pressure  High-pressure
Fan compressor turbine

High-pressure
shaft

Cold Section : Hot Section
Schematic of a turbojet engine, which has five stages: 1. Air inlet or

intake stage; 2. Compressor stage; 3. Combustion stage; 4. Gas
generator turbine stage; 5. Exhaust stage through a nozzle.
Fig-17: Schematic of Turbojet Engine

Nozzle Fuel injection Inlet
(M=1) Flame holder Vehicle (M>1

Exhaust Combustion Compressiol
(M>1) chamber (M<1)

Fig-19: Schematic of Ramjet Engine

Oxidizer: Atmospheric

—> Alr Operating Principle:
/ «_ | Aerodynamic (Ram)

compression with
subsonic combustion
** Mach 2-5

Low-pressure

shaft
Low-pressure Combustion Low-pressure Nozzle
compressor chamber turbine

Oxidizer: Atmospheric
Operating Principle:
Mechanical
compression; thrust
mainly from bypass flow
** Efficient Cruise

The flow in a turbofan engine is split into two paths, the bypass
ratio being the ratio between the mass flow through the fan and

the mass flow through the core.

Fig-18: Schematic of Turbofan Engine

Forebody

8hock boundary compression
layer inleraclions.\ /

Aftbody .
epansin | Shock compression

Oxidizer: Atmospheric
Operating Principle:

—

Airflow
—

Vehicle
bow-shock

| Inlet | Isolalor | Combuslor |

Fuelinjeclion stages

Nozzle

) | L ™

|

Fig-20: Schematic of Scramjet Engine

with Supersonic
combustion
** Mach 5 +

15




Missile Technologies: Comparison of Propulsion Technologies

Parameter | Solid Rocket | Liquid Rocket | Turbojet Low-Bypass Ramjet Engine | Scramjet
Motor Engme Engine Turbofan Engine Engme

Propulsive Medium High Medium

efficiency

SFC -N.A- -N.A- High Low Medium-High  Very High

Isp (sec) 180-300 300-460 2000-4000 4000-7000 1000-3000 1000-2000
Optimal O-Infinity O-Infinity M0.8-15 MO0.6-0.9 2.0-4.5 5-10+

Mach No.

Diameter Small Medium Small Large Small-Medium  Very Small
Range Very Low Low Medium Very High Medium Low-Medium
Thrust-to- Extremely High Medium Medium High Very High
Weight ratio High

Technologic Very High Very High High High Medium Low/

al maturity experimental
Missile e.g. QRAM, ASTRA PRITHVI, DF-5 NASM-MR, Nirbhay, AKASH, HSTDV, ZIRCON

Exocet Tomahawk BrahMos

16




Missile Technologies: Navigation Technologies

** The Art and Science of maneuvering safely and efficiently from one point to another is called as Navigation.
s It is the process of finding position of an object w.r.t. the reference frame.

/ CELESTIAL RADIO .

" How
SHOULD |

!/——-‘:\-.,__‘ - "*f
- SATELLITE INERTIAL

NAVIGATION NAVIGATION

Fig-21: What is Navigation, Guidance & Control Fig-22: Types of Navigation

17




:lllll llll: i (N
N - o
: = | 3 0 Compute
E INERTIAL : " m I g attitude
SENSORS : » ANGULAR RATES 08 o
. : | veLocITY POSITION 0z Gyro torquing’
. = ACCELERATIONS - signals
Gyros z * (ACCELEROMETERS) . . . T
. .
AEEEEREEEEEEEEETY
Roll motor 8 &
Y [Adt=v ‘Standard L Posilion
[vdt=r 3 ay Axis de LN, equations
Gy Jwdt=0 accelerometers transform as per ‘
gimbelleg system  ——= Veloctty
Pitch mato st X A+ Acceleration sensed by accelerometer dz dy
bl Mounting frame w 2 Rotation sensed by Gyroscopes

Ring Laser
PLATFORM SYSTEM

STRAP-DOVWN SYSTEM

<+ Mechanically Complex Mechanically Less Complex

<4 Less Computations Computational Intensive

bt

<4 Wery popular up to 1970s Popular from 1980s

Micro-Machined Electro-
Mechanical Systems ( MEMS )

Fig-23: Gyro-Stabilized INS

Fig-24: Strap down INS 18




Tactical Missile Inertial

Navigation System (INS ) — Size / Weight

Strategic Missile INS

Note:
» Strategic Missile INS
* INS Requires La_rgr? Kalman Filtering ke_g.. > 100 States ), Small Alignment Error, and Low Drift Rate - to Minimize INS Error in
Long Duration Flight with Autonomy ( No/ Few Updates )
« Requires INS and Update Insensitivity to Threat Countermeasures

« Examples of Gimbaled INS: Tndent ( with Stellar Uﬁlate ), Minuteman, ALCM ( with Terrain Contour Matching ( TERCOM )
Update, Tomahawk ( with TERCOM, Digttal Scene Matching Area Correlation ( DSMAC ) Update

» Tactical Missile INS
* INS Dnven by Low Cost and Small Size.
*  Small Size S!rgt)down INS Usually Has Relatively Large Alignment Error & Large Drit Rate. This May Be Corrected by
FrequentUpdatesto INS ( e.g., Satelite Global Positioning System ( GPS ) Updates)
« Examples of Strapdown INS: Excalibur Micro-machined Electro-Mechanical Systems LMEMS} with GPS Updates, JOAM nng
laser gyro ( RLG ) with GPS updates, SLAM-ER RLG with GPS updates, Polyphem fiber optic gyro ( FOG ) with GPS updates

Fig-25: Tactical Inertial Navigation System Drivers are Cost & Weight; Strategic INS Drivers are Accuracy & Autonomy.

19




Strapdown Gyro Example Global Gyro Gyro Accuracyif | Accuracy
Positioning System ( GPS ) Cost Size / GPS not if no GPS
[ Inertial Navigation Weight Jammed or GPS
System (INS ) Application Jammed
Ring Laser JDAM
=5 O O O -
Polyphem
( ﬁ | O O . O
Il W O I I __- - .
Micro-Machined Electro- Excalibur
Mechanical Systems MMS )
| |- ® | ® | ® | <O
@ superior @ Good () Average < Poor
Note: Relative accuracy comparedto earth rate (( ) 15deg/h)

Fig-26: Comparison of various INS Sensors.
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Missile Technologies: Tracking/ Estimation

Sensor Measured Range R
(Radar/ |Measured Azimuth Angle
5 _—

Seeker) Measured Elevation Angle

Estimator

Estimated States r

Model the Target
Dynamics

Modelling

Estimator
(Kalman Filter)

Uncertainty

Fig-27: Radar/ Seeker Estimator for Target Tracking.

Requirement for the Estimator:
» Filtering the Noise with Low Tracking Lag

> Estimating Higher order States (Velocity, Acceleration etc) |

B

Radar Beam Positioning

Guidance >
Demands

Guidance Law

Characterizing the
Sensor Noise

» Ground Based Radar: Sensor Platform Fixed & Target is Moving (Moving Platform also exists in few cases)

» On-Board Seeker: Sensor Platform Moving and Target is also Moving

Different types of Estimator Algorithms existing in practice:
(1) Kalman Filter; (2) Extended Kalman Filter (EKF); (3) Unscented Kalman Filter (UKF); (4) Particle Filter etc.

21




Missile Technologies: Guidance Technologies

** The missile "Guidance” can be defined as the strategy of steering a missile toward a possible l
intercept with a target, while “control” can be defined as the tactics of using the missile control
actuators to implement the strategy dictated by the guidance unit.

Ta Target state Accaleration Actuation
dimgﬂn awnalm commands commands

4

: I I H Ei :fﬁig:ﬁi i Lateral
Tlmt l Il l : | Acceleration, rates
motion | Target Gudance | v.| Guidancs |y o Ly Aframe
P sensons Hs fiter . law - Mbp'“""’prqﬂdm_
Kinematics
" forward
acceleration
|n.amgl fracking Trackmg/ Guu:lance t0|
ﬂl\'lgltlﬂﬂ Sensors Estimation Law Design Sensors
———————
Vehicle :
motion Guidance Control
Fig-28: Navigation, Estimation, Guidance & Control Loops Fig-29: Detailed Block diagram of Estimation,
of a Tactical Missile Guidance & Control Loops of a Tactical Missile

22




Missile Technologies: Guidance Technologies

** The primary functions of the elements that make up the guidance system include sensing, ‘
information processing and correction. In the sense of guidance, the flight of a missile can be divided
into three main phases: 1. Boost or Launch phase 2. Midcourse phase 3. Terminal phase

'

Boost (Inertlal) Midcourse (Gulded) Terminal (Gulded)
Predicted intarcapt
point (PIP) /
« Onboard inertial guidance H
processing EOB a0 %3
+ Safe launch/separation nfight - | |
« Boost fo flight speed g ‘gv—/
« Establish flight path updates - I I

* Arrive at pre-calculated point Handover Endgame Fuzing
at and of boost (EOB) -~ Builad
R > acquisition

* Off-board target tracking * Onboard secker/guidance processing

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

i * Maintain a desired course + Can require manauvering to maximum
« Bring the missike "dose” to the target capability to infercept fast-moving,
= Trajectory shaping/enargy managemant evasive largets
+ Can ba active endo through axo « Active endo or exo, typically not both

Missila initialization

Fig-30: Various Phases of the Missile Guidance 23




Missile Technologies: Missile Guidance Technologies

*» According to the ‘profile’ of the target, guidance systems can be classified into two types:
(1) Go-Onto-Location-In-Space (GOLIS) and (2) Go-Onto-Target (GOT).
** While GOLIS systems are usually limited to stationary or near-stationary targets, GOT systems prove
to be highly effective in taking down both stationary and moving targets. /
1 Types of Missile Guidance 1
n " l
Inertial Guidance Command Guidance Homing Guidance
= Target Information = Target & Missile are Tracked = Missile Tracks the Target
available before Launch by the Remote System using an On-Board Sensor
= Missile Navigates from » Guidance Commands are = Guidance Commands are
it’s own Sensors Uplinked Computed On-Board
= Applicable for Fixed = Applicable for Moving Targets = Applicable for Moving
Target Strategic Missiles at Short/ Medium Ranges Targets at Long Ranges
! | ! }
¥
Implicit Explicit Command to Command to PN PN Variants
Guidance Guidance PN Guidance CLOS Guidance Guidance like MPN,
(CPN) (CLOS) APN etc
Fig-31: Types of Missile Guidance. 24




Missile Guidance Technologies: Command to PN & Homing Guidance

Target Tracking

N
Intercept

£ i /*\
L)
\ / Missile [€ I:;;l
% L \ Command
S '-*' T’;‘:ii.lfg Inmmillﬂl

Missile ‘ T t
4 Irackee 2] | COmPuter @ |n:':r "

Fig-32: Command to PN (CPN) Guidance of a
Surface to Air Missile (SAM) System

Missile Launched
From Aircraft
Target
at Launch

Target at
Interception s (seeker Based)

Terminal

Midcourse
(Radar Based)

Radar and
Command
Transmitter

Launcher pjug
=&, " |4

Fig-33: The Homing Guidance Scheme for SAM & AAM
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Types of Homing Guidance: (1) Active (2) Semi-Active & (3) Passive Homing Guidance

Active homing

Reflected
Radar Signals

Radar Waves
a}y \
v

Semi-active

\ Tﬂet
homing >

Radar Waves from__—
Launching Plane

Reflected Radar
Signals

s

=
Target

: ¥
Passive "}?-
homing v

from Missile
Fig-34: Active Homing Guidance

Fig-35: Semi-Active Homing Guidance

Fig-36: Passive Homing Guidance

Active Homing Guidance
= Both RF Transmitter, Receiver &
a Signal Processor are carried
on-Board the Missile
" |tis Fully Autonomous.
= Ex: QRSAM, AKASH-NG, Astra

Semi-Active Homing Guidance

= Transmitter of the Energy is
External to the Missile (Land) &
Only the Receiver & Signal
Processor are carried on-Board
the Missile.

= |tis Not Fully Autonomous.

= Ex: AIM-7 Sparrow, Patriot

Passive Homing Guidance
Only Receiver is placed On-Board
the Missile & Utilizes the IR Energy
emanating from the Target.
It does not require a Transmitter.
Used by Heat Seeking (IR) Missiles
It is Fire & Forget.
Ex: NAG, MPATGM, VSHORADS
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Missile Guidance Technologies: Constant Bearing or PN Guidance

» Proportional navigation is a guidance law that relies on the fact that two objects are bound to collide if their
direct line of sight does not change as the range closes. To understand this, consider the example of two cars
approaching the same point from two different directions.

» If the relative velocity of these two cars remains constant as they move towards the same point (in technical
terms, the bearing angle between these two cars does not change over time as they close in), then they are on
a collision course and therefore bound to collide.

A

(collision point)

R, <R <R

— —
—_—
——
—
—
—
o —
M

— —
—
—_—

—
—
—
—_—
—
—
—
—
—
—
—
—
—
—

Constant bearing angle and no #;
relative velocity between two
cars on a collision course

Line-of-sight separation decreases and line-of-sight angle does not rotate

1.e, 6=0 and R < 0 = Collision.

Fig-37: Two Cars on a Constant Bearing for Collison Fig-38: Collison Triangle in Constant Bearing Guidance 27




» In a Proportional Navigation system, the missile stays on a trajectory with a constant bearing angle to the
target. Unlike the pursuit guidance system, such missiles don’t pursue the target; they just keep moving in
a carefully calculated direction (keeping the angle between them and the moving target, say, an aircraft,
unchanged) with a constant velocity to eventually smash into the target.

(Paint of intersection of the |
| Target's position at the paths of both the target
B (" time of missile-launch ) _ and the missile

» T
il

(Constant bearing angle )
! " » Very Popular Guidance Law for Tactical Missiles

| /~ > Simple and easy to Implement

% » Very Effective against Moving Targets General f(?rm Ay fN 0
| Missile sets off in a collision a.= N VCH =N I/c/l, A=0=10S Angle b/w Missile &Target

course with the target |

(e e N' =Navigation Gain =3 to 5 (4 is a Good choice)

Fig-39: Constant Bearing or PN Guidance in Tactical Missile Fig-40: Vector Diagram of PN Guidance in Tactical Missile 28




Missile Technologies: Guidance Technologies

Type of Terminal Launch Missile Accuracy Counter- Fire Control
Guidance Platform Sensor Cost Countermeasures | Correction/
Survivability | Weight (CCM) Fuzing

Active Homing: Radar
Frequency (RF ), Laser @ - O O@® o =
Passive Homing: Infrared
(IR ), RF, Anti-Radiation @ £ Q o ©® - @ i
Homing (ARH )
Semi-Active Homing: RF,
il . -O O O@ O O
Command: RF, Laser,
Wire B & - @ O ®

Multi-Mode: Command

Updates, Inertial, Active O O O @ ON | O

or Passive Homing

Note: @ Superior s Good () Average — Poor
Fig-41: Missile Terminal Guidance Drivers include Launch Platform Survivability, Missile Sensor Cost, and Accuracy 29




Missile Technologies: Midcourse Guidance using GPS Aided INS

Global Positioning System ( GPS )
24 Satellites in 6 Circular Orbit Planes
99 Deg Orbit Inclination
12 Hour Orbit Period
Orbit Perturbations Due to
*  Lunar Gravity

« Solar Gravity
« Solar Radiation

Popular Transmit Frequencies
« L1@1.57542GHz

INS or GPS / INS « L2@ 1.22760 GHz
“ay— T
__Guldnncl_.' _ Search And

Launch §=- T \MQUII"‘M

—

& @ & @

. =
/_:"'_?J:_-:,,S -

Fig-42: In most of the Missiles, Midcourse Guidance is provided by either INS or GPS Aided INS
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%{Cmise Missile

\

Inertlal Navigation System

Midcourse Guidance
“”

e

————————

Digital Scene
Matching Area

Camera Takes
Snapshot of Terrain
Terrain Contour and Compares with
Matching (TERCOM ): Previous Image of

Radar Altimeter Terrain

Measures Height of
Terrain and
Compares with
Previous Map of
Terrain

=

‘ INS Midcourse-YYaypoint 4/ Terminal Update
- SR

Target Area

Fig-43: TERCOM & DSMAC Guidance Algorithms are very popularly used in Land Attack Cruise Missiles like Tomahawk

_ Correlation ( DSMAC ):
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Missile Technologies: Missile Control System (Autopilot)

**Tactical missile autopilots (Automatic + Pilot = Autopilot) are part of the wider Guidance, Navigation and
Control (GNC) system whose goal is to achieve a successful intercept. The missile flight control system or
autopilot is the minor loop inside the main guidance loop.

** Following three tasks are the major functionalities of a flight control system:

1. Ensuring the Stability of the missile for all the operating points under parameter uncertainties (Robustness).
2. Tracking the input guidance commands with good transient response
3. Disturbance rejection (Requirement of high control loop stiffness).

**The missile autopilot task is to turn guidance commands in to fin deflection commands and is generally
divided into two lateral direction (Pitch and Yaw) controllers and the roll orientation or roll rate controller.

*These three “ channel control” outputs are then mixed to produce fin deflection commands to four
individual fins.

autopilots.

QThe controllers are designed either using Gain Scheduling for large flight envelope applications or algorithmic/
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Missile Technologies: Missile Control

. AERODYNAMIC | CONTROL _

FREELY  porp ROLL

h *

GIMBALLED FLEXIBLE SPOILERS

Fig-44: Methods of Missile Control 33
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(

The aerodynamic cartesian control can be categorized as:
| (1) Tail control surfaces (Rear fins) (2) Canards (Forward fins) (3) Moving wings Body

N

Tail Fins

Canards

IFig-45: Aerodynamically Controlled Missile|

Fig-46: The Tail Controlled Missile Fig-48: The Canard Controlled Missile

N I
\/\/~/\/\/—\—

Initial Inverse Response
(Non-Minimum Phase Response)

/ A i
1sec e 1sec time
Fig-47: Step Response of a Fig-49: Step Response of a

Tail Controlled Missile Canard Controlled Missile Fig-50: The Wing Controlled Missile 34




Missile Control Technologies: The Aerodynamic Polar Control (ADPCS)

sIf there is only one set of control surfaces and wings, the steering commands have to be issued not in Cartesian
form, but in Polar form.
+* If the missile has to maneuver to the Right, and we call this command x, and Up, which we call y, then in Polar

form the steering commands are R and ¢ such that: = 23 Z = /

**The usual method is to regard the ¢ signal is a command to roll through an angle ¢ measured from the vertical
and then to maneuver outwards in this correct roll orientation as shown in below Fig.
\_%*The Bloodhound missile uses the Twist and Steer Control strategy. )

| O
|
i

Fig-51: The Aerodynamic Polar Control 35




Missile Control Technologies: The Thrust Vector Control (TVC)

(

+» A different way to steer a missile is by redirecting the propulsion exhaust, known as Thrust Vector Control

(TVC). This method operates independently of atmospheric dynamic pressure.

** If the magnitude of the Thrust is T & it’s direction is deflected by an angle ¢, the force L'r to the body is

T*sin(¢), which applies a moment to the missile & enables it to maneuver in the lateral direction.

¢ It is essential to use TVC in the vertical launch phase of all strategic missiles.

** TVC is the best option for short-range tactical missiles with low flight times for engaging the fast moving

crossing targets or lately detected targets.

**Vertical launch followed by a rapid turnover is an attractive concept for missiles carried & launched from a

< =4
oo
R

\__Vehicle. This gives a full 360° arc of fire. It is cheaper & simpler and can eliminate heavier launchers. )
T sin ¢
Tcuroi j .Cg
é
: : /

< = - Fig-53: Thrust Vector Control of a Missile

o=
g,
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r* E OXYGEN PROPELLANT
*Methods of Thrust Vector Control: | Tanx TANK

1. Gimballed Motors

2. Flex Nozzle Control (FNC)
FLEXIBLE HOSES (\:ISEJSSOL
3. Jet Vane Control (JVC)
4. Secondary Fuel Injection COMBUSTION GIMBAL FLEXIBLE
\.5. Reaction Control Systems (RCS)
Fig-54: Gimballed Motors Fig-55: Flex Nozzle Control (FNC)

J CONTROL
- VALVE
¢ —[] Pwor
il /I_l L] Axis

Fig-56: Jet Vane Control Fig-57: Secondary Fuel Injection 37




Missile Control Technologies: Classification of Missile Autopilots

(

\

*» All autopilots are examples of closed loop, negative feedback or automatic control systems.
¢ The objective of a closed loop system is to make the response of the object being controlled to a command

much more predictable in the presence of external disturbances, loads and biases, changes in the

\_ margins) and enhance the robustness.

%

Fig-58: Classification of Missile Autopilots

environment and variability in the object being controlled. )
( AUTOPILOTS
** Major functions of a lateral acceleration autopilot: [
v" The maintenance of near- constant steady state I T spgcmlumpuors |
. . ARELAVIY LATERAL AUTOPILOTS
aerodynamic gain. FOR CONVENTIONAL
. . . — | | CLOS, BEAM RIDING
v To increase the effective weathercock (short-period) ROLL POSITION ~ ROLL RATE ROLL AND HOMING SYTEMS
STABILISATION  STABILISATION POSITION
natural frequency of the airframe. DEMAND I
v" To increase the weathercock damping. -
: : ACCELEROMETERS
v To reduce the cross-coupling between pitch & yaw | I ohE
. SEA SKIMMING ACCELEROMETER
motions. gy AND HEIGHT ONE RATE GYRO
. LOCK SY.
v" To shape the closed-loop lateral acceleration response. | SSTE4
_ . . . VERTICAL AZIMUTH CONTROL
v To improve the stability margins (Gain & Phase LAUNCH SYSTEMS BY INERTIAL
MEANS ONE RATE
GYRO
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Missile Control Technologies: Lateral Acceleration (Latax) Autopilot

** An arrangement whereby an accelerometer provides the main feedback and a rate gyro is used to act as a
damper is common in many high performance command and homing missiles.
Biases, Winds ANGLE
Thrqu FIN SERVO < AERODYNAMIC TRANSFER FUNCTION
Misalignments . b" —ks ‘ Yes®-yynes -Uingyo-nyyl =
I'armhr'h'f_v < :nzsz’i‘:zs +7 SZ2-(yyv+n)s+ yynr+ Un,
Demanded
st : Y Y + Achieved F—
Acceleralion Fin Servos Buddere Missile Acceleration RATE GYRO ‘i AERODYNAMIC TRANSFER FUNCTION
- . > P + Nys + Nuyy—-Ngyv
Airframe .60 kg Yy S2= yyn,s - Ulngyy,—-nyyy)
|
cS
{ee 5 ACCELEROMETER
Accelerometer < é
| ka e LATERAL ACCELERATION,OF CG
Fig-59: Lateral lg’ Autopilot of a Missile TlTAL LATERAL ACCELERATION OF
ACCELEROMETER
Aol Musfehoty dymanics Fig-60: Two Loop Lateral Acceleration Autopilot
k ] e )
e ; o, Gk TSt | (45 + A5+ V| S
"ch’@" K F Sl T 2 T+ [ || s+l
W o,
Kg < +
cs
é)* Fig-61: Three Loop Lateral Acceleration Autopilot 39
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Time Vs Latax achieved by Linearized Missile Airframe : At an Altitude of :0 Km and at a Mach Number of :2.9386

20
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I
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X 01178

Y: 2104

I I

” Zeta,. = 0.06; W,
ﬁ ; Alpha,m =2.34 deg

!, ncap'

= 28.18 rad!sec‘; Wz =48.72 rad/sec

&Delta =-2.71 deg;
= 0259 I

[\ K1- -3.8612; K
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I
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A A
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r's - due to Non-Minimum Phase Zeros‘—‘———~——~_§. ; ; ‘ _
5 | | ; 0 VEw05 04 045 02
0 0.5 1 1.5 2 2.5 3 3.5 4

Open Loop Lateral Acceleration Autopilot

Time (sec)

Fig-62: Step Response of

12 ] ( 1 I ! | !
10F "_'_"'.i """" j":.:::Z:ZIZ:I.ZfZZZIZZZfZZZZZ.Z ZfZZZZZ.Z:iZ.ZZZZZZ
9 - | == Achieved Latax
4 - |= Demanded Latax
c 6 AutopilotDesign Specification considered:
S ‘
i : Tau,, = 0.25; % Time Constant ,
& 4 oo Zeta -07 9% Damping Factor, pre AR v N
3 W = 36:0 % Open Loop Gain Crossover Frequency (rad/sec) '
2- -
U . . : ' { I
| i L i i i i
0 0.5 1 1.5 2 A 3 3.5 4

Time (sec)
Fig-63: Step Response of
Three Loop Lateral Acceleration Autopilot
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Missile Technologies: Guidance & Control

: Example High Performance Missiles Have
Example for Surface Launched and Air Launched | . | ow-to-High Dynamic Pressure
High Performance Ramjet Missile + Large Changes in Angle of Attack a
+ Negative-to-Positive Static Margin
* Thrust/ Weight/ Center-of-Gravity (cg )
Transients
Level Off + High Temperature and High Thermal Load
Engine Start Transient Crulse + High Vibration and High Acoustics
Booster Shutdown \ P_é SN / ::tc: -A(lJv:;at
Transient at High Mach /if T / _\ il
Pitch-Up at High Alpha / Engine Shutdown : Dive
n N Climb Transient ﬁ;
PP === ,’ <\1 Terminal at High
Booster Ignitior} / J\*.i Dynamic Pressure
Air LaunchatLow _// {\ .
A < ¥ i .\ Precision Impact
Mach ( high o)/ j Pitch-Over at High Alpha Sl P
« \ 4
Deploy b\
Compressed | . ; \
! 1. _-Vertical Launchin Cross Wind ( high a.)
‘/"
Carriage Surfaces ﬁﬂ» | Deploy Compressed Carriage Surfaces \
Fig-64: Missile Guidance & Control must be Robust for Changing Events, Environment, and Uncertainty 41




Missile Technologies: Actuation System Technologies

** Actuation Systems control fins, thrust vectoring, and control surfaces by converting electrical command
signals in to mechanical motion.
** These actuator command signals are generated by the missile autopilot based on guidance and control laws.

‘ Power Source
Servo _,  Power _ l |
| Actuat
Electronics 1 Amplifier (1"3 o l
A
Control

Feedback . Surface

Fig-65: Missile Section with Actuators (EPA) connected
to Control Surfaces Fig-66: Elements of Actuation System "




Missile Technologies: Actuation System Technologies

Classification of Actuation Systems

v

Electro-Hydraulic
Actuation System (EHA)

Electro-Pneumatic
Actuation System (EPA)

[ Variable
displacement Hydraulic actuator
pu
[ |
I
[ J
]
Fuodspoed  Proportona
K motor valve

Fig-67: Classification of Actuation Systems

Speed conol

Electro-Mechanical

Actuation System (EMA)
|

Conlleleconcs

0 varahe
speedrnom

Mt P
isr g A

v L 4
Linear Rotary
EMA EMA
| 7 H_* |
Brushed Brushless
DC Motor DC Motor

(BLDC)




Missile Technologies: Actuation System Technologies

Parameter Electro-Hydraulic Actuator | Electro-Pneumatic Actuator | Electro-Mechanical Actuator

Operating Principle Use electrical signals to Use electrical signals to Use electric motors plus
control hydraulic servo control pneumatic servo mechanical linkages (gears,
valves and pumps—> high-  valves = high-pressure lead screws) translate motion
pressure fluid drives compressed air/gas drives with feedback.
actuators. actuators.

Force/ Power High Low to Medium Medium

Density

Precision & Control Medium to High Medium High

Response Speed High Moderate to High High

Weight & Footprint Heavy Light Medium

Maintenance Needs Moderate to High Low Low

Complexity High Medium Medium

Typical Cost High Low Medium
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Missile Technologies: Seeker Technologies

(o Currently, most missile guidance adopts proportional guidance or its improved guidance law. The main
information required for this kind of guidance law is the inertial LOS angular velocity.

** A missile seeker is composed of a seeker head to collect and detect energy from the target, a tracking function
to keep the seeker boresight axis pointed toward the target, and a processing function to extract useful
information from the detection and tracking circuits.

** The seeker usually is mounted in the nose of the missile where it can have an unobstructed view ahead. The
seeker antenna or optical system is usually mounted on gimbals to permit its central viewing direction
(boresight axis) to be rotated in both azimuth and elevation relative to the missile centerline).

** The gimbaled portion of the seeker head usually is stabilized to keep it pointing in a fixed direction regardless
of perturbing angular motions of the missile body.

** As the target is tracked by the seeker, the * signal required for guidance can be obtained by measuring the

. seeker angular velocity in the inertial space.

J/

where,

S —Angle of the x-axis of the missile with respect to the inertial space;
6—Angle of the missile velocity vector with respect to the inertial space;
g—LOS angle of the missile and the target relative to the inertial space;
gs—Angle of the seeker antenna axis with respect to the inertial space;

. : e—Angular error of the missile-target line with respect to the seeker axis measured by the seeker
Fig-68: Angles diagram : ,
detector (optical, radio, laser, etc.).
A of a Seeker
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Missile Technologies: Seeker Technologies

-

different implementations of the two types of seekers.

from the target.

illuminator on the ground or by a transmitter onboard the missile.

** The two common seeker types are Optical and Radio Frequency (RF).
** The methods and equipment used to sense signals in the optical and RF bands are different so they lead to

+* Optical Seekers: seekers that sense radiation in the ultraviolet (UV), visual, and infrared (IR) portions of the
electromagnetic spectrum are classed as optical seekers. The radiation is transmitted through the atmosphere

+* Radio Frequency Seekers: are essentially a radar in which the antenna is employed to collect RF radiation
reflected horn the target. The RF power maybe generated by systems onboard the target, by a target

Seeker dome

Sensor/ _
detector F ﬂfﬂ

C: IR radiation

secondary

mirror

Primary spinning
miror rencle

Fig-69: Optical (IR) Seeker Fig-69: RF Seeker

Seeker Data Link
: Stabilization Receiver

Gyroil [
Steering Commands
/ : Signal to Flight Control
/.

Target
Signal

Processor

|11]

- @ x ® @® W

Seeker

Angle e

Tracking

Fig-70: Simplified Block Diagram
of a Gimballed Seeker 46




Imaging Infrared (IR ): AGM-130

Two Color lIR ( Python 5)

Seeker/ Sensor

Angular
Resolution

Adverse  Automatic  Range Moving Volume Hypersonic Diameter
Weather Target Target Search Dome Required
Impact __ Recognition Time Compat.

Weightand  Maturity

Cost

i
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Multi-mode lIR - Light Detection and Ranging ( LIDAR ): LOCAAS )

Multi-mode IR - Semi-Active Laser ( SAL) - mmW:
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Fig-71: Examples of Countermeasure Resistant Seekers

Note: @ Superior

w Good O Average < BelowAverage - Poor

Fig-72: Comparison of Performance of different Seekers

(Performance of Seekers is Improved by
GPS, INS & Data Link Sensors)
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Missile Technologies: Warhead Technologies

** The function of any missile is to deliver a warhead to a designated target. Even the most accurate guidance
and powerful propulsion systems are of limited value if the warhead cannot produce a sufficiently lethal effect
at the right moment to disable or destroy the target.

*»» The warhead essentially consists of a payload, a fuze and safety and arming mechanism (SAM).

+** The initiator and booster are often integral parts of the fuze and/or SAM.

_ Outside
Initiator > ) Main Warhead Damage
(Detonator) Charge e
T i
~odie s
Booster ; T
(Intermediary)
Fig-73: High Explosive Train in a Warhead / )
_ wh e Within Damage
/ / Missile Volume
Missile
Trajectory Damage results if
Missile is detonated at
this point
Fig-74: Damage Volume of a Warhead 48




Missile Technologies: Warhead Technologies

Depending on the released chemical energy from the HE filling, warheads can be classified into one or the other
of five main groups as follows:

4 N[ . c 5 5
2. Fragmentation warhead: This warhead is widely used
1. Blast warhead: It depends on the blast, or the . 8 : !
. . against targets such as aircraft, personnel, etc. The
high pressure pulse produced by the explosion of . .
- . . detonation of the HE in these warheads produces a large
the HE filling on the air (or the water in .
. . number of metal fragments from the shattered casing,
underwater explosions) surrounding the . . . :
. L which travel at high supersonic speed. When they hit a
warhead. This pressure wave, which is the blast, . . .
: . target, their capacity to cause damage depends on their
travels outwards from the point of explosion and . . L. :
remaining kinetic energy, which, in turn, depends on their
can destroy structures, personnel, etc. . :
| J | mass and residual velocity. J
Missile body Attachment ring ¢ an 48 gh an o an n s 0 "
Missile body < £ £ EEEEEE £ =
Attachment ring © E ; e S I B =) ; “E
£ BRo= Ak Ak kA T -
Safety and Armin < ~ r‘: £
n?:zch:n?sm ° .g - ;;E‘
& 70° 70° -
HE filling Fuze
M “
. G s o L . . 6 O O O
Nose cone Q HE filling
— Safety and Arming o
Toughened steel cap meEhanisen - .Y
HE filling Warhead casing HE filling
(a) Internal blast warhead (b) External blast warhead T T I I T I I T T I T I T T I T I T T T T I T T T IT [#&«—Fragments

Fig-75: Blast Warhead Fig-76: Fragmentation Warhead
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Missile Technologies: Warhead Technologies

' 3. Continuous Rod warhead: | (4. Shaped Charge warhead: This is (5. HESH warhead: This is another |
It contains several rods joined widely used against armoured targets warhead, which can be used
together, which are thrown out || gych as tanks. Any warhead has to against armour. It contains a
as a ring with a high velocity. physically hit this type of target, but plastic explosive, which explodes
The ring expands and can even then most cannot penetrate the in contact with the armour’s
produce heavy damage to any armour. The shaped-charge warhead, external surface. It causes shock

_aircraft, which it encounters.  J| concentrates the energy of the waves in the metal body, causing a

- ot explosion in an extremely narrow area, || ‘scab’ to detach itself from the
punches a hole through the armour, inner surface, which travels with
and causes damage inside the target. high velocity inside, killing the

h “| crew and damaging the
1 Hiner _equipment.

High
Nose switch [« Booster
Booster High explosive Exp]ogwe Main charge Front Charge

Fig-77: Continuous Rod Warhead |

| A\

Slu t u -
KXl X

a) Detonation wave reaches the liner  (b) 15 u secs later (c) 30  secs later /

Fig-78: Shaped Charge Warhead Fig-79: Tandem Charge Warhead 50




Missile Technologies: Missile Power Supplies

(

\/
000

\/
000

(a)
(b)
(c)
(d)
(e)
(f)
(8)

(h)
\

Many of the subsystems onboard a missile require electrical power.

** The missile may have RF seeker, guidance electronics, IR detectors, electric motors, gyros and accelerometers,

control electronics, proximity fuze, and onboard computer, all of which require electrical power.

** In addition, electrical power will also be required for devices such as chamber pressure transducers, squibs,

and pyro cartridges.

¢ Different AC and DC voltages may be needed to operate these different devices. Most missiles produce one

central type of power, either AC or DC and convert it to yield the other type of power required.
Requirements of the Missile Power Supply:

It must have the necessary power capability.

The voltages must be correctly produced at the output.

The power supply should have excellent voltage regulation.

The power supply must have a very long shelf life, usually 10 years or more.

It must have a very low activation time, usually a fraction of a second.

It must have high reliability and maintainability.

It should occupy as small a space as possible.

It should have high energy density’ (energy-to weight ratio).
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Missile Technologies: Missile Power Supplies

+*» Classification of missile power supplies:
1. Primary batteries
2. Reserve batteries:
(a) Liquid injection batteries
(b) Thermal batteries: (i) Calcium thermal battery & (ii) Lithium thermal battery
' 3. Rotary alternators: (a) Flux switch alternators (b) Rotating permanent magnet alternators.

7

"« Lithium Thermal Battery (LTB):
» The lithium thermal battery (LTB) is far superior to the calcium battery in tolerance from open circuit to high

discharge currents.
» It also has higher energy density, larger current capability, higher predictable performance, and a simple

construction and therefore very popular in most missile applications.

Terminal

Squib firing voltage
Cathode &! j
— "n0de (Lithium alloy) Anode @
Cell | NEEEE-<—— [lectrolyte (LiCl + KCI) + MgO
Cathode (FeS,) .—
Cell

Heat pellet and fuze strip
(Fe + KCIO, + Zr + BaCrO,)

|

Terminal
(a) Single cell (b) Assembled battery
Fig-80: Lithium Thermal Battery (LTB)
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Missile Technologies: Airframe

/*1* Airframe is the main structural body of the missile, it carries all the missile subsystems.
+»» During launch and flight, it experiences:
» High longitudinal loads (acceleration)
» High lateral loads (maneuvering)
> Severe heating, especially in supersonic/ hypersonic flight
+* Material strength decreases at high temperature - airframe must withstand loads without deformation
under high temperatures.
** Weight is critical:
» Heavier airframe =2 reduced range & maneuverability
» Design is always a strength-weight compromise
+* Aerodynamic forces acting on airframe:
» Drag: opposes motion
» Lift (normal force): supports flight & enable maneuvering
+»* External shape must:
» Minimize drag
» Provide required lift force

\ > Maintain structural rigidity /
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Missile Technologies: Airframe

(0:0

Materials used:

» Rocket motor casing: high-strength steel
(often maraging steel)

» Main airframe: aluminum alloys (e.g.,
Duralumin)

> Nose cone/ radome: high-temperature
composites (FRP), transparent to radio
waves.

» Titanium alloys = high strength-to-weight,
good high-temperature performance

> Nickel super alloys (Inconel) 2> extreme
temperature zones (near rocket motor, high-
Mach flight)

» Small missiles: airframe often entirely
composite (FRP).

\

Tensile | Buckling Max
Stress | Stability |Short- Life |Thermal
Type Material |6y, /p) |(Opycking/P)| Temp | Stress |Joining | Fatigue| Cost | Weight
Metalic |Auminm229 | O | @ Ol -1e!| - 1000
] SteelPH15TMo | @ - @ O 0| g |0 -
TanumTisAY| @ | O ® ¢/ 0|le!l -0
Composite| 5994 Glass/ - -0 O ! O 0 [
Epoxy and $994
Glass / Polyimide
Glass or " -0 Ol 0|00 | @
Graphite Reinforce
Molding
Graphite/ Epoxy | @ & O | @ -0 | - 8
and Graphite
J Polyimide
Note: @ Superior & Good () Average - Poor

Airframe = Strength + Aerodynamics + Thermal resistance + Minimum Weight
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Missile Technologies: Missile Airframe Structure Manufacturing Processes

Casting
1.Wax 2. Sprue 3.Ceramic 4.MeltWax 3.Metal 6.Sprue 7.Part
Model Mount  Slurry w Sand Pour Removed Removed

Tactical Tomahawk Aluminum Body Casting

ASALM Titanium Inlet Casting
Fig- 81: Investment Casting

Forming

1Mold Cavlty
\Palpng Line

Permanent Mold Casting Process

Fig- 82: Cutting, Milling, Drilling, EDM; Resistance/Arc, Laser, Friction Welding

Extrusion Process

Fig- 83: Forging, Ring/Strip Rolling

Machining

Laser Cutting Electrical Discharge Machinin

Welding

Arc Welding Friction Stir Welding

3D Printing / Additive Manufacturing

Laser ;,\Scanning Mirror
Lens<—/—
s ikl «-----t}-Coating Blade / Roller
Collection ™

Powder Bed

Powder
Supply

Build'Drive Powder Supply Drive
Direct Metal Laser Sintering Powder Process

Fig- 84: 3D Printing/ Additive Manufacturing Using DMLS
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3. Storage
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4. Carriage
, ' , — (R TIRR A e
Resin Transfer Molding Process 30 Fiber rentaion % Vol
RNy B AP TA, U B 2 e S e
FilamentWinding ~ PAC-3 Quartz Composie Radome LA ST
Fig- 85: Carbon Fiber Manufacturing; e T LN A e B O e

Composite Filament Winding, RTM, Vacuum Bagging 7. Fly-out

e g yco s ey g ay Tty oo rdne I oy A e Ty iy, P
N v Rl By ) RGP o n, A R T T i RIS g HR i,

8. Terminal Maneuvering

Fig-86: Missile Structure Is Based on
Considering the Cradle-to-Grave Environment
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Missile Technologies: Hardware-In-Loop Simulation

(- N
» Hardware-In-Loop Simulation is used for system design N N O X )28 W0 ):{o IN LOOP SIMULATION
verification, validation of guidance, navigation &

control systems, system integration, pre-flight and post

flight performance evaluation.

» Evaluation of onboard mission software & integrated SENSOR(FOG)

SEEKER
missile system performance from pre-launch till impact.

% Evaluation of flight subsystems (OBC, INS, Actuators, IR/
RF/MMW Seeker, RPF, Radio Altimeter, Data Link)

» Independent validation of guidance, control &

FLIGHT INTERFACE(S)

ACTUATOR(EMA)

navigation systemes.

+* Validation of mission performance for various
Fig-87: Block Diagram of a Missile

trajectories & disturbance conditions including Hardware-In-Loop Simulation (HILS) Test Setup

\_  subsystem failure modes in real-time. P

** On-board Computer Systems, Two Way RF Data Link Systems, Radio Altimeters, Radio/ Laser Proximity
Fuzes, Telemetry Systems, etc are also very important sub systems used in the missiles.
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Enabling Technologies that enhance Tactical Missile Performance

Dome Guidance & Controll Electronics Insulation Data Link Flight Control
¢ Faceted/Window | © $COTS v Hypersonic || “BDITBDA % E.i! T Piezoelectric
¢ Multi-mode ¢ In-flight Optimize ¢ Central ¢ High Density || ¢In-flight Retarget | Actuators
¢ Multi-spectral ¢ Multi-mode Processor ¢ Moving Target ¢TVC | Reaction Jet
¢ Multi-lens ¢ a, B Feedback + MEMS E%Wﬁfgsﬂp_lx ¢ Phased Array ¢ Blended Canard - Tail
¢ Conformal Anten ¢ AT M
¢ Hit-to-Kill ¢ High Power, Energy
Seeker ¥
“Multi-mode

¢ Multi-spectral

¢SAR

¢ Strapdown %&%ﬁ Propulsion

¢Uncooled Imagin o Nautrgal Stat)i'c Marain @ Supersonic Turbine-Based

+ High Gimbal Slasteathe TV ¢ Liquid / Solid Fuel Ramijet

¢Phased Array + Split Canard ¢ Variable Flow Ducted Rocket
Warhead ¢Low Mﬁ Wing/ Low Hinge Moment Control :gg';:glij:; d Cycle Propulsion

: Mnigltll ) _E""‘:agy Density : El:nﬁ.t?;sggd-rgtiﬁ - ¢ High Temperature Turbine & Combustor
¢ Low Collateral Damage < pr-%rag Inlet with Low Pressure Oscillation : aigﬁ%lﬁnnsg / ?:‘:glt}vp"; Lﬂpa;'u;:::turing
¢ High Density KE Penetrator || ¢ Single Cast Structure ¢ Hiah Throttfe Fuel Control

¢ Boosted KE Penetrator ¢ VARTM, Pultrusion, Extrusion, FilamentWind || J Engdotharmic Fuel

¢ Smart Dispenser & 3[] Printlng | Additive Manufacturing ® CompOSite Structure / Case

¢ m"“f ed Submunition :-['rl;tg;:‘ller::‘ ?;;ture(:omposrtes ¢ Pintle / Pulsed / Gel Motor

* -

+ High Density SC Liner ¢ MEMS Health Data Collection e b g o
¢ Non-nuclear EMP ¢ Low Observable Shaping and Materials o IM

Nomenclature: GPS = Global Positioning System, INS = Inertial navigation system, o = Angle of attack, B = Angle of sideslip, ATR =
Automatic target recognition, COTS = Commercial off-the-shelf, MEMS = Micro-machined electromechanical sensor, BDI = Battle
damage indication, BDA = Batle damage assessment, EM = Elecromechanical, TVC = Thrust vector control, SAR = Synthetic aperture
radar, KE = Kinetic energy, IM = Insensiive muniton, SC = Shaped charge, EMP = Elecromagnetic pulse, Ax,- = Change in
aerodynamic center location, VARTM = Vacuum assisted resin transfer molding, 3D = 3 dimension

Fig-88: Enabling Technologies that enhance Tactical Missile Performance 58




Success Stories of Indian Missile Systems

(Operation Sindoor was alsoa )  ofisterror network and miltary
. f installations with telling effect.
DRDO and Indian industry

Operation Sindoor vindicates the need for and indeed the success of A

sSuccess Story atmanirbharta in defence. It was one of the pillars of the Atmanirbhar
Bharat initiative and naysayers have been firmly silenced. And
The Akash air defence system showcases atmanirbharta in defence in BrahMos and Akash have become household terms. )
@ truest sense j - - -
rahMos, developed and produced with Russian collaboration, has a
/fange of 280km, within Missile Technology Control Regime limit of\

By Mojor General Pawan Anqnd (Retd) 300km. Its range could be extended to 400km, and to 800km, if

required. BrahMos delivers a massive payload of up to 250kg of
explosives with a circular error probability of 10 metres (if the
BrahMos missile was fired multiple times, it would hit within 10 metre
/ \ of the target in 80 per cent of the attempts). A precision strike would
thus cause huge destruction. It travels at Mach 3 (thrice the speed of
sound), can be launched from land, sea or air and follows random
‘ trajectories (sometimes 2 to 5 metres above the earth or water surface)
making it difficult to detect, much less intercept. The destruction seen
Qn the runway at the Rahim Yar Khan airfield and the radar near /

Issue Date: May 25, 2025
Updated: May 18, 2025 07:47 IST

Lahore was most likely caused by BrahMos strikes.

The Akash air defence system showcases atmanirbharta in defence in
its truest sense. Its development is fully indigenous and components
almost so. It has a range of 25km to 45km and intercepts targets 20km
high. Its 60kg warheads explode with proximity fuses, fragmenting to
assure destruction on reaching even the vicinity of the intended targets
in the air. The sophisticated, DRDO-developed Rajendra radar system
detects and tracks 64 targets and guides eight missiles simultaneously.
The high kill rate that was on display during the days of hostilities
proves Akash’s efficacy in battle against drones and aircraft.

Cruise control: BrahMos supersonic cruise missile being test fired; it
can be launched from land, sea or air | PTI

India watched in awe as drones were
shot out of the night skies over many of
its cities and photographic evidence of
precision strikes across the length and
breadth of Pakistan emerged. Many
never believed we were capable of this
modern-age warfare. We not only
defended our airspace but also
penetrated Pakistan’s much touted air
defence network, striking at the heart

[“ The Akash air defence
system showcases
atmanirbharta in defence in its
truest sense. Its development is
fully indigenous and

components almost SO.
\_ A,

59




Op Sindoor Victory (Atmanirbharta Success
Story — The Crowning Glory)

By capsnetdroff - May 13, 2025

Fareign Secy Vikram Misri with Wing Commander Vyomika Singh and Colonel Sofiya Qureshi br:efmg media on Op
Sindoor

6 "0

Author: Air Vice Marshal Ashish Vohra VSM (Retd.), Additional
Director General, Centre for Air Power Studies

Keywords: Pahalgam attack, terrorist attack, Operation Sindoor, Integrated Air
Defence System.

Success Stories of Indian Missile Systems

ﬂtmanirbharta Success Story - the Crowning Glory

Though there are several reasons for this stupendous success of the Indian
armed forces, the most significant contributor to the success of Op Sindoor
has been the phenomenal performance of the indigenously developed Indian
weapon platforms — the indigenously designed and developed Integrated Air
Defence System, the indigenously designed and developed Akash Missile
system, the Medium Range Surface to Air Missile system (MRSAM), jointly

developed by Defence Research and Development Organisation (DRDO), and
Israel Aerospace Indistries (lAl), the integration by Hindustan Aeronautics
Limited (HAL) of the Brahmos Air Launched Cruise Missile (ALCM) onto the
Su-30 MKI, the locally manufactured loitering munition (Skystriker) and the
DRDO developed C-UAS system [(D-4) Drone, Detect, Deter and Destroy]
system, our Regional Navigation Satellite System (RNSS) — the Navigation by
Indian Constellation (NAVIC) providing precise coordinates for our long range
precision weapons, the re-engineering of life-expired R-73's as Surface to Air
Missile for Assured Retaliation (SAMAR) weapons, the indigenously upgraded

&—?O guns, the Zu-23 mm systems and the Schilka systems. /

The other major contributors to the success of Op Sindoor, though not of
Indian origin, were the Russian Long Range Surface to Air Missile (LRSAM) —
the S-400, the French Rafale aircraft with its Meteor Beyond Visual Range
(BVR) Air-to-Air Missile (AAM), SCALP and HAMMER long-range precision
weapon systems, and the Israeli Al designed Loitering Munition (Harop).
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Success Stories of Indian Missile Systems

s . . L DRDO Successfully Conducted Salva
. LRAShM Hypersonic Glide Missile Launch of Pralay Missiles r
. ORDO l:alrlTﬁ I.'Iilﬂiu::.'esﬂli:i Slal'lm Launch
: 2 W Hovx DROO Successfully Tests

QUASIE BALLISTIC Missile India joins the club of nations

with advanced missile
propulsion capability

Aw, ;
L - PRALAI Short Range =8 SFOR Technology
| r~r|th.- . :

© DRDO FLIGHT-TESTS

INDIGENOUS MPATGM

AGAINST MOVING TARGET




‘ Success Stories of Indian Missile Systems

TEAT AT "«v‘{%f =T SaaeA

e Many More Powerful Missiles developed by DRDO:
Iocila stranethatis s s iiiay" 1. Agni Series Ballistic Missiles

DRDO has successfully conducted the 2. ASTRA
maiden flight tests of the Integrated 3. QRSAM

Air Defence Weapon System (IADWS) 4. AKASH-NG
5. NAG Mk-II
s
=% Multi-layered air defence with QRSAM, :
VSHORADS & a high-power laser-based .~
Directed Energy Weapon (DEW). ;

6. MPATGM
7. ULPGM,
8. VSHORADS etc.

5

&anD

simultaneously AVs & drones. D R D O’ I n d i a a c h i eve d

Integrated operation of all the weapon
system components is controlled by a

Centralised Command and Control Centre At m a n i r b h a rta
in
Missile Systems

@00 O/ DefProdnindia
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