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Module – 4  

LAUNCH VEHICLE DYNAMICS AND ATTITUDE 

CONTROL OF ROCKETS AND MISSILES 

Syllabus: 

Launch Vehicle Dynamics: Tsiolskovsky’s rocket equation, range in the absence of 

gravity, vertical motion in the earth’s gravitational field, inclined motion, flight path at 

constant pitch angle, motion in the atmosphere, the gravity turn – the culmination 

altitude, multi staging. Earth launch trajectories – vertical segment, the gravity turn, 

constant pitch trajectory, orbital injection. Actual launch vehicle trajectories, types. 

Examples, the Mu 3-S-II, Ariane, Pegasus launchers. Reusable launch vehicles, future 

launchers, launch assist technologies. 

Attitude Control of Rockets and Missiles: Rocket Thrust Vector Control – Methods of 

Thrusts Vector Control for solid and liquid propulsion systems, thrust magnitude control, 

thrust termination; stage separation dynamics, separation techniques. 

4.1 Tsiolskovsky’s Rocket Equation 
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4.2 Range in the Absence of Gravity 
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4.3 Vertical Motion in The Earth’s Gravitational Field 
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4.4 Inclined Motion in a Gravitational Field 
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4.5 Motion in the Atmosphere 
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4.6 The Gravity Turn 
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4.7 Earth Launch Trajectories 
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4.8 Actual Launch Vehicle Trajectories, Types 
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4.9 Reusable Launch Vehicle 
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4.10 Rocket Thrust Vector Control 

 In addition to providing a propulsive force to a flying vehicle, a rocket propulsion 

system can provide moments to rotate the flying vehicle and thus provide control of the 

vehicle's attitude and flight path. By controlling the direction of the thrust vectors through 

the mechanisms described later in the chapter, it is possible to control a vehicle's pitch, 
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yaw, and roll motions. All chemical propulsion systems can be provided with one of several 

types of thrust vector control (TVC) mechanisms. Some of these apply either to solid, 

hybrid, or to liquid propellant rocket propulsion systems, but most are specific to only one 

of these propulsion categories. We will describe two types of thrust vector control concept: 

• For an engine or a motor with a single nozzle; and 

• For those that have two or more nozzles. 

 Thrust vector control is effective only while the propulsion system is operating and 

creating an exhaust jet. For the flight period, when a rocket propulsion system is not firing 

and therefore its TVC is inoperative, a separate mechanism needs to be provided to the 

flying vehicle for achieving control over its attitude or flight path. 

 Aerodynamic fins (fixed and movable) continue to be very effective for controlling 

vehicle flight within the earth's atmosphere, and almost all weather rockets, antiaircraft 

missiles, and air-to-surface missiles use them. Even though aerodynamic control surfaces 

provide some additional drag, their effectiveness in terms of vehicle weight, turning 

moment, and actuating power consumption is difficult to surpass with any other flight 

control method. Vehicle flight control can also be achieved by a separate attitude control 

propulsion system. Here six or more small liquid propellant thrusters (with a separate feed 

system and a separate control) provide small moments to the vehicle in flight during, 

before, or after the operation of the main rocket propulsion system. 

The reasons for TVC are: 

• To willfully change a flight path or trajectory (e.g., changing the direction of the 

flight path of a target-seeking missile); 

• To rotate the vehicle or change its attitude during powered flight; 

• To correct for deviation from the intended trajectory or the attitude during powered 

flight; or 

• To correct for thrust misalignment of a fixed nozzle in the main propulsion system 

during its operation, when the main thrust vector misses the vehicle's center of 

gravity. 

 Pitch moments are those that raise or lower the nose of a vehicle; yaw moments turn 

the nose sideways; and roll moments are applied about the main axis of the flying vehicle 

(Fig. 16-1). Usually, the thrust vector of the main rocket nozzle is in the direction of the 

vehicle axis and goes through the vehicle's center of gravity. Thus it is possible to obtain 
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pitch and yaw control moments by the simple deflection of the main rocket thrust vector; 

however, roll control usually requires the use of two or more rotary vanes or two or more 

separately hinged propulsion system nozzles. Figure 16-2 explains the pitch moment 

obtained by a hinged thrust chamber or nozzle. The side force and the pitch moment vary 

as the sine of the effective angle of thrust vector deflection. 

 

 

4.11 TVC Mechanisms with a Single Nozzle 

 Many different mechanisms have been used successfully. They can be 

classified into four categories: 

• Mechanical deflection of the nozzle or thrust chamber.  

• Insertion of heat-resistant movable bodies into the exhaust jet; these experience 

aerodynamic forces and cause a deflection of a part of the exhaust gas flow. 

• Injection of fluid into the side of the diverging nozzle section, causing an 

asymmetrical distortion of the supersonic exhaust flow. 

• Separate thrust-producing devices that are not part of the main flow through the 

nozzle. 
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 Each category is described briefly below and in Table 16-1, where the 

four categories are separated by horizontal lines. Figure 16-3 illustrates several TVC 

mechanisms. All of the TVC schemes shown here have been used in production vehicles. 
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 In the hinge or gimbal scheme (a hinge permits rotation about one axis only, 

whereas a gimbal is essentially a universal joint), the whole engine is pivoted on a bearing 

and thus the thrust vector is rotated. For small angles this scheme has negligible losses in 

specific impulse and is used in many vehicles. It requires a flexible set of propellant piping 

(bellows) to allow the propellant to flow from the tanks of the vehicle to the movable 

engine. 
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 Jet vanes are pairs of heat-resistant, aerodynamic wing-shaped surfaces submerged 

in the exhaust jet of a fixed rocket nozzle. They were first used about 55 years ago. They 

cause extra drag (2 to 5% less Is; drag increases with larger vane deflections) and erosion 

of the vane material. Graphite jet vanes were used in the German V-2 missile in World War 

II and in the Scud missiles fired by Iraq in 1991. The advantage of having roll control with 

a single nozzle often outweighs the performance penalties. 

 Small auxiliary thrust chambers were used in the Thor and early version of Atlas 

missiles. They provide roll control while the principal rocket engine operates. They are fed 

from the same feed system as the main rocket engine. This scheme is still used on some 

Russian booster rocket vehicles. 

 The injection of secondary fluid through the wall of the nozzle into the main gas 

stream has the effect of forming oblique shocks in the nozzle diverging section, thus 

causing an unsymmetrical distribution of the main gas flow, which produces a side force. 

The secondary fluid can be stored liquid or gas from a separate hot gas generator (the gas 

would then still be sufficiently cool to be piped), a direct bleed from the chamber, or the 

injection of a catalyzed monopropellant. When the deflections are small, this is a low-loss 

scheme, but for large moments (large side forces) the amount of secondary fluid becomes 

excessive. This scheme has found application in a few large solid propellant rockets, such 

as Titan IIIC and one version of Minuteman. 

 The jet tab TVC system has low torque, and is simple for flight vehicles with low-

area-ratio nozzles. Its thrust loss is high when tabs are rotated at full angle into the jet, but 

is zero when the tabs are in their neutral position outside of the jet. On most flights the 

time-averaged position of the tab is a very small angle and the average thrust loss is small. 

Jet tabs can form a very compact mechanism and have been used successfully on tactical 

missiles. 

 The jetavator was used on submarine-launched missiles. The thrust loss is roughly 

proportional to the vector angle. 

4.12 TVC with Multiple Thrust Chambers or Nozzles 

 Several concepts have been developed and flown that use two or more rocket 

engines or a single engine or motor with two or more actuated nozzles. Two fully gimballed 

thrust chambers or motor nozzles can provide roll control with very slight differential 

angular deflections. For pitch and yaw control, the deflection would be larger, be of the 
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same angle and direction for both nozzles, and the deflection magnitude would be the same 

for both nozzles. This can also be achieved with four hinged or gimbaled nozzles. 

 The differential throttling concept shown in Fig. 16-10 has no gimbal and 

does not use any of the methods used with single nozzles as described in Fig. 16-3. It has 

four fixed thrust chambers and their axes are almost parallel to and set off from the vehicle's 

centerline. Two of the four thrust chambers are selectively throttled (typically the thrust is 

reduced by only 2 to 15 %). The four nozzles may be supplied from the same feed system 

or they may belong to four separate but identical rocket engines. This differential throttling 

system is used on the Aerospike rocket engine and on a Russian launch vehicle. 

 

4.13 Testing of TVC 

 Testing of thrust vector control systems often includes actuation of the system when 

assembled on the propulsion system and the vehicle. For example, the Space Shuttle main 

engine can be put through some gimbal motions (without rocket firing) prior to a flight. A 

typical acceptance test series of the TVC system (prior to the delivery to an engine 

manufacturer) may include the determination of input power, accuracy of deflected 

positions, angular speeds or accelerations, signal response characteristics, or validation of 

over travel stops. The ability to operate under extreme thermal environment, operation 

under various vehicle or propulsion system generated vibrations, temperature cycling, and 

ignition shock (high momentary acceleration) would probably be a part of the qualification 

tests. 

 Side forces and roll torques are usually relatively small compared to the main thrust 

and the pitch or yaw torques. Their accurate static test measurement can be difficult, 

particularly at low vector angles. Elaborate, multicomponent test stands employing 

multiple load cells and isolation flexures are needed to assure valid measurements. 
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4.14 TVC Integration with Vehicle 

 The actuations or movements of the TVC system are directed by the vehicle's 

guidance and control system. This system measures the three dimensional position, velocity 

vectors, and rotational rates of the vehicle and compares them with the desired position, 

velocity, and rates. The error signals between these two sets of parameters are transformed 

by computers in TVC controllers into control commands for actuating the TVC system 

until the error signals are reduced to zero. The vehicle's computer control system 

determines the timing of the actuation, the direction, and magnitude of the deflection. With 

servomechanisms, power supplies, monitoring/failure detection devices, actuators with 

their controllers, and kinetic compensation, the systems tend to become complex. 

 The criteria governing the selection and design of a TVC system stem from vehicle 

needs and include the steering-force moments, force rates of change, flight accelerations, 

duration, performance losses, dimensional and weight limitations, available vehicle power, 

reliability, delivery schedules, and cost. For the TVC designer these translate into such 

factors as duty cycle, deflection angle, angle slew rate, power requirement, kinematic 

position errors, and many vehicle-TVC and motor-TVC interface details, besides the 

program aspects of costs and delivery schedules. 

 Interface details include electrical connections to and from the vehicle flight 

controller, the power supply, mechanical attachment with fasteners for actuators, and 

sensors to measure the position of the thrust axis or the actuators. Design features to 

facilitate the testing of the TVC system, easy access for checkout or repair, or to facilitate 

resistance to a high-vibration environment, are usually included. The TVC subsystem is 

usually physically connected to the vehicle and mounted to the rocket's nozzle. The designs 

of these components must be coordinated and integrated. 

 The actuators can be hydraulic, pneumatic, or electromechemical (lead screw), and 

usually include a position sensor to allow feedback to the controller. The proven power 

supplies include high-pressure cold stored gas, batteries, warm gas from a gas generator, 

hydraulic fluid pressurized by cold gas or a warm gas generator, electric or hydraulic power 

from the vehicle's power supply, and electric or hydraulic power from a separate 

turbogenerator (in turn driven by a gas generator). The last type is used for relatively long-

duration high-power applications, such as the power package used in the Space Shuttle 

solid rocket booster TVC. The selection of the actuation scheme and its power supply 

depends on the minimum weight, minimum performance loss, simple controls, ruggedness, 
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reliability, ease of integration, linearity between actuating force and vehicle moments, cost, 

and other factors. The required frequency response is higher if the vehicle is small, such as 

with small tactical missiles. Sometimes the TVC system is integrated with a movable 

aerodynamic fin system. 

4.15 Thrust Termination 

 The engine thrust must be cut off, the instant that proper velocity is achieved to 

conserve fuel and or the rocket obtained a desired orbit. The thrust termination in liquid 

propellant rocket engines is easily accomplished by closing the fuel valve. 

 But in solid propellant motors the problem is more difficult. One method to 

terminate the thrust in solid motor is the rupture disks, which vent the combustion chamber, 

reducing the thrust to zero. 

 Recent development has indicated that thrust termination can be affected by nozzle 

blow out or by blowing out the forward section of the combustion chamber. By this means 

the combustion chamber pressure can be reduced below that required for sustained burning 

and hence terminate the thrust. 

 Careful design must be made in order that random re ignition does not occur once 

burning is stopped. The accomplishment of thrust termination on TVC paves the way for 

application of this type of motor to ballistic missiles, which require thrust cut off for 

different range missions. It has been an error in the burn out velocity that has a large 

detrimental effect of the accuracy of the ballistic missiles. Hence it is important that the 

thrust termination of the propellant unit can be accurately accomplished and with a good 

degree of repeatability for one motor to another. 

4.16 Thrust Magnitude Control 

 Thrust Magnitude Control (TMC) allows for large thrust variations usually with 

small variations in chamber pressure. 
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 In some solid propellant rocket motors, TMC has been used without varying the 

throat area by reducing the mass flow into the chamber. As a result of the reduced mass 

flow, the chamber pressure decreases too. This may cause irregular combustion, or even 

extinguishments. Apart from this, the exhaust velocity is also lowered. Two possible 

systems without these adverse effects are the translating inlet nozzle and the pintle nozzle. 

Both systems vary the throat to modulate the thrust. The translating nozzle is primarily 

designed for two different thrust magnitudes. In the figure port A is either closed or fully 

opened. If the port A is closed, the sustain throat is the only way through which propulsive 

gases can leave the rocket engine. If port A is opened, an extra boost flow can leave the 

combustion chamber and the boost throat acts as a nozzle throat. 

 The pintle nozzle employs a centre body that can move in an axial direction; thereby 

continuously vary in throat area. The central body, which holds the movable pintle, is 

mounted on the nozzle inlet. It is of course, possible to combine TVC and TMC to obtain 

real thrust vector control, i.e both magnitude and direction of the thrust can be varied. 

 Another TMC device that should be mentioned in this section is the extendable exit 

cone. If during powered flight under expansion losses become unacceptably large, one can 

increase the thrust by lengthening the exit cone. This may be done by moving aft an 

extension to the divergent part of the nozzle. This concept was planned for the space shuttle 

engine but has be abandoned to keep the mechanism simple. 

4.17 Stage Separation Dynamics/Techniques 

 In multistage launch vehicles the stage separation process is broadly classified into 

two categories. They are, 

4.17.1 Separation Occurring Within the Atmosphere 

 Separation within the atmosphere is otherwise known as booster separation/lower 

stage separation/strapton separation. 
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 The burn out of the first stage generally occurs within the upper regions of the 

atmosphere (i.e) 45km to 60km, to minimize the energy lost due to the aerodynamic forces. 

The ignition of the second stage must be done as quickly as possible after the first stage 

burnout. There are two techniques of separation are avail within the atmosphere. They are, 

Firing In the Hole Technique: 

 Firing in the hole staging is also known as vented inter stage separation or hot 

separation. This technique involves the firing of the upper stage motor before the thrust 

level of the lower stage motor has decayed to zero (i.e. before the actual separation takes 

place). Drawbacks: 

• Care must be taken 

• Adequate ventilation holes are provided in the structure of the lower stage 

separation bay to prevent an excessive buildup of pressure from the jet efflux which 

might cause the rupture of lower stage tanks. 

• In practice even though burnout conditions have been reached, the tanks still usually 

consists of unusable propellant, which may cause hazard. 

• There is a risk of tank rupture by direct jet impingement. So the upper surfaces of 

the tank should be stronger and hence heavier which imposes additional weight 

penalty. 

Ullage Rocket Technique: 

 This technique involves the use of short duration solid propellant rockets which are 

called ullage rockets, to bridge the gap caused by the decay of lower stage thrust and 

subsequent buildup of lower stage thrust. The nominal thrust level of the upper stage motor 

is not reached until there is an appreciable separation distance between the two stages. 

Drawback: 

• Heavy weight. 

4.17.2 Separation Out of the Atmosphere (In Space) 
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 Separation occurring out of atmosphere is also known as vacuum/space/upper stage 

separation. The separation of subsequent stages takes place either at extreme high altitudes 

in space. The problem of separation is relatively simplified when occurs in space because 

of absence of aerodynamic forces but it does not mean as soon as burn out of lower stage 

occurs the ignition of upper stage is initiated. This separation technique involves two 

methods: 

Helical Compression Spring Technology: 

 In this technology, separation may be obtained by a single compression spring 

centrally located but in practice it was a large number of small springs located 

symmetrically around the periphery. This is done in case of accommodation and secondly 

to minimize the possibility of separation aborting through spring failure. 

Advantages: 

• No separate command is needed for actuation 

• Highly reliable 

Draw Back: 

• Much heavier when compared to other jettisoning system. 

 


