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ABSTRACT 

The ramjet engine is a supersonic air-breathing engine, which has no moving parts. The ramjet 

engine carries only fuel, where the required oxygen can be obtained from atmosphere while it is 

flying. In the ramjet engine, air entering into the intake gets compressed due to the formation of 

terminal shock waves called ‘ram effect’. The compressed air mixes with fuel in combustion 

chamber, fuel burns and hot gases are generated which exit through convergent divergent nozzle, 

resulting in forward thrust to accelerate the missile. However the ramjet engine is not effective at 

lower speeds (less than Mach number 2) due to the fact that at low speed, terminal shock waves 

are not formed in the intake and hence air does not get compressed. The fuel will not burn at 

lower temperature and pressurised air and hence the required thrust will not be generated. An 

additional booster is required to accelerate the vehicle to a certain high Mach number which 

guarantees the required speed (more than Mach number 2) for stable operation of ramjet based 

propulsion systems.  

The applications of ramjet engines are increasing day by day especially in various missile 

applications because of the engine’s ability to generate thrust with high specific impulse (more 

than 1000 sec). Ramjet engines deliver more thrust with relatively lesser weight in comparison 

with rocket engines. Since rocket engines carry both fuel and oxidizer, they are relatively heavier 

than ramjet engines but less sensitive to flight conditions. Variable thrust during the operation of 

a rocket provides tremendous advantages during snap up/snap down scenario or when chasing 

down a target. 

According to the type of fuel used, ramjet engines are classified in two types: 1) Liquid fuel 

ramjet engine and 2) Solid fuel ramjet engine. In this work, the solid fuel based ducted ramjet 

engine has been considered for air-to-air missile application. It is more compatible for design for 

high manoeuvre tactical missile. 
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To fly the missile at a desired Mach number, the engine has to produce adequate thrust which 

can generate the desired thrust to ensure the desired Mach number. The thrust generated by the 

engine, is controlled by varying the mass flow rate of fuel rich gas which is released into the 

combustion chamber. Since the fuel mass flow rate cannot be measured in flight directly, hence it 

cannot be controlled. However the gas generator pressure that directly affects the fuel mass flow 

rate can be controlled by varying the throttle valve area of gas generator. The gas generator pres-

sure decides the fuel mass flow rate and corresponding thrust delivered by the engine. 

  In this thesis, two types of design problems of solid fuel ramjet based propulsion system 

have been worked out for efficient operation of an air-to-air tactical missile. First, Design 

objectives of fuel flow controller have been brought out from Proportional Navigation (PN) 

based guidance loop for air-to-air target engagement. Two loop non-linear dynamic inversion 

(NDI) based controller design have been proposed to track the commanded thrust and to meet the 

time constant requirement as a function of altitude, Mach number and angle of attack. The outer 

thrust loop is meant to control the required thrust and to generate demand for gas generator 

pressure loop.  The inner pressure loop is meant to meet outer loop demand by controlling 

throttle valve area. The solid propellant based ramjet engine mathematical model has been 

carried out keeping in mind angle of attack. Throttle valve actuator specification requirements 

were also brought out to meet the operational fuel rate requirement at different altitudes and 

Mach number. Second, various factors such as combustion-intake interaction, atmospheric 

disturbance and other flight conditions have a significant impact on air intake operation to 

compress  atmospheric air, which can impact engine performance. Due to the above phenomena, 

intake un-start and buzzing phenomena can occur due to back pressure fluctuation and it 

adversely affects intake air mass flow rate. Most of the missiles use nozzle throat area control or 

bleed movement at upstream pressure control with the support of extra hardware for controlling 

un-start and buzz phenomena. So, in a three loop structure based fuel flow controller design the 

extra loop of back pressure is introduced in two loop fuel flow controller design such that the 

required thrust is achieved by ramjet engine without endangering engine stability and 

performance. Here, third loop exercise tight control on back pressure margin for smooth and 

stable operation of air intake without the necessity of extra hardware.  
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    Finally, the fuel flow controller design has been evaluated to ensure overall missile performance 

in six-degrees-of-freedom simulation platform with guidance and autopilot at different engagement 

scenarios along with aerial target from 0.5km altitude to 15km altitude and varying from Mach 

number 2.2 to Mach number 3.2.  
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Chapter 1 

Introduction 

1.1  Introduction  

     Scientists and those in academia have invested efforts in innovative methods to develop the 

state-of-the-art technology for developing advanced weapons for their country. The air defense 

force is constantly seeking new approaches to improve the performance of existing air-to-air 

missiles. There is a constant striving to reach new levels of missile technology regarding 

maneuverability and performance in all aspects. One way of improving capabilities is to develop 

a new missile technology over existing ones and solid ramjet propulsion system based air-to-air 

missile is developing, which provides enhanced range and capability against aerial target by 

improving the total specific impulse (thrust force) and has a POWER-ON interception. The 

specific impulse, which is the total impulse (thrust force) that the ramjet engine can produce per 

unit propellant mass burnt, is very high for ramjet engine systems since it does not carry 

oxidizers as well, which makes them highly preferable for long range flight.  

There are broadly two types of propulsion systems which define the range and speed capability of 

air-to-air tactical missiles. These are: 

1. Rocket (Solid) propulsion system and 

2. Ramjet propulsion system 

Tactical air-to-air missile has a dimensional limitation due to the launch platform constraints of 

fighter aircraft. The missile configuration design is different for both types of propulsion systems; 

it is carried out at the beginning phase of project for aerial target. Rocket propulsion system 

based missiles operate at finite time (T) and have a high velocity at the beginning and then 

missile velocity decreasing up to the required velocity for target interception, as shown in figure 

1.1 and 1.2.  
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                                       Figure-1.1: Schematic diagram of solid rocket missile 

 

                           

                            Figure-1.2: Thrust and velocity profile of solid rocket missile 

       

      So, the manoeuvring capability of missiles, which is a function of configuration and velocity, 

needs a large size wing on the missile to intercept the target.  Large wing on the missile increases 

the drag force. So within the dimensional limitations of a missile, the trade off rocket propulsion 

and configuration design is carried out to meet range and speed requirement of the missile. Once 

the design of rocket propulsion based missile is finalized, the missile range capability gets 

affected for non-manoeuvring target to manoeuvring target. The reason is that the missile 

velocity is reduced by additional drag generated due to increase of angle of attack for intercepting 
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the manoeuvring target. This is the biggest drawback of missile performance of rocket propulsion 

system. Another drawback is that the rocket propulsion system propellant grain mixed with both 

oxygen and chemical grain together which constrains the design of huge propulsion system to 

enhance the range [1-4]. 

 The above drawbacks have been overcome with technological advancements in ramjet 

propulsion system design. Ramjet technology uses oxygen from the atmosphere to burn fuel 

stored in the missile. So, given the dimensional limitations on missile, it can carry more fuel and 

have better range superiority than similar dimension rocket propulsion based missile. 

Atmospheric air can be compressed by air intake before using it to burn with fuel in the 

combustion chamber. The compression of air is possible by air intake only if the speed of the 

missile is more than Mach number 2.0 (Mach number is the ratio of the speed of missile to the 

speed of sound). Hence, the operation of ramjet propulsion system is applicable at supersonic 

speed of missile which may vary from Mach number 2.0 to Mach number 4.5. This is the reason 

ramjet system depends on rocket booster or some other means to accelerate missile nearly or at 

more than Mach number 2.0  as shown in figure-1.3 [6-9]. 

                               

                                    Figure-1.3: Thrust and velocity profile of ramjet missile 

 

The significant advantage of ramjet propulsion based missile is that the speed of missile can be 

changed depending on the trajectory requirement through injecting incremental fuel in 

combustion chamber. The reason is that the additional induce drag force generated by angle of 
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attack, can be compensated through extra thrust produced by injecting extra fuel on combustion 

chamber. So, the missile range capability will be same for a non-manoeuvring target as for 

manoeuvring target [1][ 3]. 

There are two types of ramjet propulsion systems: 

1. Liquid fuel based ramjet propulsion system and 

2. Solid fuel based ramjet propulsion system. 

 Liquid fuel is injected into the combustion chamber to burn with compressed air in liquid fuel 

based ramjet propulsion system. Thrust level of the ramjet engine is produced by controlling 

liquid fuel flow rate. However, injection of fuel in liquid fuel based ramjet propulsion requires 

complex and expensive systems. Also, air breathing engines suffer from flameout problem, 

which is the dying out of the flame in combustion chamber. Liquid fuel based ramjet, as a 

member of air-breathing engine, needs a flame stabilizer in order to avoid this problem, which 

increases the complexity of design further. Solid fuel based ramjet propulsion, on the other hand, 

is simple and contains solid fuel on the outer part of the ramjet engine with a throat hole in 

middle to get mixed with compressed air flow from air intake [5]. 

Presently, realizing solid fuel based ramjet propulsion system for air-to-air tactical missile 

application is simpler and more advantageous then liquid fuel based ramjet propulsion system to 

obtain more range and intercept manoeuvring aerial targets.  

 

1.2   Solid Fuel Ducted Ramjet Propulsion System 

Ramjet engine is a potential source of power supply, especially for high speed supersonic long 

range air-to-air missile. A ramjet engine is an air-breathing combustion system consisting of a 

gas generator housing the solid propellant, a throttle valve which regulates fuel flow rate into the 

secondary combustion chamber, an air intake system, an exit nozzle and an integrated booster to 

start the ramjet engine, as shown in figure 1.4. The function of a gas generator is to provide 

oxidizer deficient fuel in appropriate form to combustion chamber, where the main combustion 

process occurs by a mixture of compressed air which then generates thrust [6-8] [36-38]. 
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                                   Figure-1.4: Schematic diagram of ducted ramjet 
 

In the gas generator, solid propellant is converted into fuel by a pre-burn process and sent 

through a throat valve between gas generator and combustion chamber by means of  pressure 

difference. The important aspect of solid based ramjet engine is the possibility to control fuel 

injection supplied through gas generator. So, the required fuel flow rate is injected into the 

combustion chamber in a controlled manner. The simplicity of solid rocket engines is that it 

doesn’t need a flame stabilizer for the flameout problem, because hot gas from the gas generator 

is able to maintain and sustain combustion.  

It is desirable that changing the burning area of the propellant in the gas generator is done in a 

controlled manner, assuming the solid propellant burns with uniform cross sectional area (so-

called cigarette type burning). A smaller burning area of solid propellant generates less fuel in 

combustion chamber and then generates less thrust. It is known that the burning rate of a solid 

propellant is affected by the pressure of the gas generator. This property is called pressure 

sensitivity of propellant. Burning rate of the solid propellant can be controlled by means of 

controlling the pressure at the gas generator chamber by introducing a fuel flow controller [7-9] 

[36].  

 

Figure-1.5: Schematic diagram of throttle valve 
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Injected fuel flow rate from gas generator to combustion chamber is directly dependent on the 

effective throat area between the two as shown in figure 1.5. Therefore, changing the effective 

throat area can be carried out to change fuel flow rate. Fuel flow actuator is used for throat area 

control and it would receive command from fuel flow controller. The functions of fuel flow 

controller are: 

1- Achieve the desired thrust. 

2- Maintain fuel flow regulation within the safe operation air intake margin and 

3- Prevention of reduction of flight Mach number below the minimum Mach number. 

 

1.2.1  Air Intake Operation of Ramjet 

The ramjet engine carries only fuel and the required oxygen for burning, it can be supplied from 

atmosphere while the missile is flying at more than Mach number 2.0. The air which carries 

oxygen gets compressed into the intake due to the formation of terminal shock inside it. The 

terminal shock location is a dynamic function of downstream pressure (Atmospheric pressure) 

and upstream back pressure (Combustion chamber) as shown in figure 1.6.  

 

      

                                             Figure-1.6: Schematic diagram of Air Intake 

 

The reason could be terminal shock location and it would lead either to un-start or buzz 

oscillatory phenomena. 

1. Atmospheric disturbance like gust can suddenly change downstream pressure, leading to 

un-start. 

2. Combustion-intake interaction in which under a certain dynamic condition, the 

combustion pressure increases beyond back pressure margin, leading to intake buzz.  
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Air intake buzz is a phenomenon of self-sustained shock oscillations, which result in high-

amplitude variations of inlet air mass flow and pressure. It generally arises when the mass flow 

entering is reduced below a given value. Air intake buzz can lead to thrust loss and engine surge, 

or even cause structural damages to the missile; this violent and dangerous phenomenon is 

therefore highly undesirable. So, in order to maintain high performance without crossing the buzz 

margin of intake, buzz protection controller is necessary [61-72]. 

     

1.3  Importance of Fuel Flow Controller Role of Solid Propellant Ramjet  

 for Air-to-Air Missile 

Air-to-Air tactical missiles act in a closed loop interaction of the systems shown in figure 1.8 to 

ensure effective overall performance of a missile.  These are:  

1. Missile Aerodynamics 

2. Missile Guidance system and 

3. Missile Autopilot 

1.3.1  Missile Aerodynamics 

The flow of air around a missile produces pressure variations, which is the basic cause of  

aerodynamic forces and moments. The magnitude of the forces and moments that act on missile 

depend on different factors. These factors are: [3-4] 

1. Configuration of missile  

2. Angle of attack 

3. Dimension/ size of missile 

4. Free-stream velocity 

5. Density of air 

 

                                        Figure-1.7: Diagram of the longitudinal Forces 



 
Chapter 1                                                                                                                       Introduction 
 

9 
 

These forces are thrust force (T), lift force (L) and drag force (D). The relation of  lift and drag 

forces to reference velocity is shown in figure 1.7. 

Lift force is the resultant aerodynamic force that is perpendicular to the direction of reference 

velocity. The aerodynamic lift force is generated by pressure forces acting on the missile surface. 

Also, the lift force is perpendicular to the missile’s velocity vector in the vertical plane.  

                                                  
( ) * * ( ) (1.1)nLift Force Q S C   

Where, 21/ 2* * mQ V
  
is dynamic pressure and which is function of air density ( ) and velocity 

of missile ( )mV . ( )nC 
 
is aerodynamics force coefficient is a function of angle of attack and S is 

the surface area of missile. 

   Drag force is the resultant aerodynamic force that acts opposite to the direction of flight 

motion. The aerodynamic drag is produced by pressure forces and by skin friction forces that act 

on the missile surface. The drag force is measured along the velocity vector, but in opposite 

direction.  

                                        ( ) * * (1.2)TDrag Force Q S C  

               Where,                    0 ( )T d dC C C    

TC
 
is the total aerodynamics drag coefficient of missile , 

 0dC
 
is the aerodynamics drag 

coefficient due to skin friction and ( )dC    is the aerodynamics induce drag coefficient due to 

angle of attack and S is the surface area of missile. 21/ 2* * mQ V  is dynamic pressure and it is  

function of air density ( )  and velocity of missile ( )mV . 

  

 

1.3.2 Missile Guidance System  

Ramjet based propulsion system needs three phases of guidance for air-to-air missile 

application.    

o Pre-guidance phase, 

o Mid-course guidance phase,  

o Homing guidance phase.   
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                                  Figure: 1.8 - Closed loop Block diagram of missile sub-systems  

 

1.3.2.1 Pre-Guidance Phase  

 This type of guidance needs computation before launch of missile from the aircraft. 

In this phase,  the guidance law will decide the trajectory as well as Mach number  

based on target distance and altitude. 

1.3.2.2 Mid-course Guidance Phase 

 In this phase, guidance law generates lateral acceleration demand for Autopilot to 

maintain the cruise Mach number for a level flight based on missile-target kinematics. 

Generally, the angle of attack of missile is low in this phase. If the target altitude is 

different from the missile altitude, the mid-course guidance generates the thrust 

demand to achieve corresponding Mach number. The Mach number of ramjet 

operation is a function of altitude.   

 

1.3.2.3 Homing Guidance Phase 

 In this phase, guidance law generates lateral acceleration demand for autopilot based 

on seeker (In borne radar into the missile) tracking to target. This is a most critical 

phase of guidance in which target carry out evasive manoeuvre to escape the missile. 

The generated guidance demand will be high for autopilot and it will lead to higher 

angle of attack. High angle of attack will increase the total drag and then Mach 

number starts decreasing; therefore, to retain the Mach number, fuel flow control is 
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executed to close throat area further and it will increase fuel flow rate and the ramjet 

engine produces more thrust for hitting the target.  

 

1.3.3  Missile Autopilot 

Missile autopilot is a flight control system inside the guidance loop that ensures meeting missile 

acceleration demand in pitch and yaw plane through a guidance algorithm and this has to be 

executed while maintaining missile stability. It will generate corresponding fin deflection for 

missile actuator. Missile actuator executes it to change the dynamics of missile to achieve new 

position [3]. 

 

                     

                                  Figure-1.9: Missile Autopilot functional Block diagram 

 

The aerodynamic capability of acceleration demand (Pitch and Yaw channel) by guidance 

algorithm needs to be checked before bypassing to  autopilot as shown in figure-1.9. If it is not 

checked and the guidance demand is higher for the missile aerodynamics capability, an autopilot 

algorithm may destabilize the missile. So, aerodynamics capability of acceleration is given by 

                                                        

* * ( )
(1.3)nQ S C

Acceleration
Mass


  

Where, 21/ 2* * mQ V  is dynamic pressure and a function of air density ( )
 
and velocity of 

missile ( )mV .  ( )nC   is aerodynamics force coefficient, which is a function of angle of attack and  

S is the surface area of missile. 
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So, for a given missile configuration, the acceleration capability in pitch and yaw plane depends 

mostly on the velocity of missile. If the missile velocity is not able to ensure missile trajectory, 

the guidance cannot follow the exact path to engage the target.  

 

1.4  Role of Fuel Flow Controller  

Performance of ramjet engine depends heavily on flight operating conditions like altitude, Mach 

number and angle of attack. Stable and efficient operation of ramjet in the presence of operating 

flight conditions and effective fuel flow control is required. The function of fuel flow controller is 

to open throttle valve area for primary burning of propellant into gas generator, often which the 

solid propellant is converted to fuel gas. The fuel gas will further bypass into combustion 

chamber to produce thrust. The roles of fuel flow controller are as follows: 

1. It computes initial presetting of deflection angle of throat area at pre-guidance phase to 

ensure supply of required gas generator pressure for fuel mass rate at the time of gas 

generator ignition. 

2.  It computes and provides incremental deflection to change gas generator pressure for 

increasing, decreasing or maintaining the Mach number during mid-course guidance 

phase and homing guidance phase. 

3. In this work, an innovative way to use fuel flow controller to maintain back pressure 

margin within buzzing limit without the need of extra hardware, has been proposed and 

validated. So, the fuel flow controller performs a supervisory control on back pressure for 

stable operation of air intake throughout the flight, as shown in figure-1.10.  

 

                

                                   Figure: 1.10:  Block diagram of back pressure loop  
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Chapter 2 

Literature Review 

 

2.1  Introduction 

       Ramjet engine is a potential source of power supply especially for high speed supersonic 

long range missile. Solid fuel ramjet propulsion is the latest development in the area of missile 

propulsion. It has been mostly used till today for surface-to-air missiles with fixed throat and 

validated as potential propulsion system to enhance the range and capability of missiles. 

Presently, this technology is made attractive for air-to-air missile development. The operational 

flight trajectory of air-to-air missile may vary from low altitude to high altitude based on fighter 

aircraft position for launching with respect to aerial target position. So, thrust requirement from 

the solid fuel ramjet needs to be used effectively. To achieve variable thrust for different altitude 

of the missile, an efficient fuel flow controller is required for controlling the flow of fuel mass 

rate. Performance of ramjet engine is highly dependent on flight operating conditions. Hence, 

development of ramjet engine dynamics, role of intake and its impact on engine performance, 

types of variable throat and techniques for designing fuel flow controller need to be understood. 

This chapter consists of the details of critical appraisal of previous work published in the 

literature pertaining to the topic of investigation. 

    

2.2  History of Ramjet Engine Development  

       Ronald [6] clearly brought out the history of ramjet evolution as well as the concept and 

technology, which was initiated around 1913. Actual construction and testing of variable ramjet 

engine did not occur until mid-1930s. The ramjet propulsion system works began during this 

phase with the objective to achieve high speed and a long range for missiles. It began to receive 

attention in the second half of  1940 and reached a relative peak during in 1950. The solid 
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propellant ramjet received attention beginning 1980s and this continues till today. The key 

technology and components that have had significant impact on the maturation of ramjet were 

brought to light during 1980s and these include air induction system, missile aerodynamics, 

combustion design and material, fuels, injection and mixing, ejectable and non-ejectable 

components, thermodynamics and engine modeling and ground testing. During this era, no 

choked throat was available between the gas generator and combustion chamber. The gas 

generator solid propellant burning rate depended on combustion chamber pressure. In [6-8], the 

actual development of solid propellant ramjet for missile took place between 1980 and 2000.  

 

2.3  Solid Ramjet Engine Design and Concept of Operation 

       In the field of tactical supersonic missile development, for air-to-air missile, an increasing 

interest in ramjet propulsion has been shown because of its contribution to improved missile 

performance in terms of range, sustained speed and manoeuvrability compared to missiles using 

solid rocket propulsion. Solid based ramjet engine has few or no moving parts and thus they are 

simple, reliable and provide efficient operation over a wide range of supersonic Mach numbers 

and altitudes for air-to-air missiles. It needs a rocket booster to be integrated for accelerating 

missile while launched them from a jet fighter to ensure supersonic speed. In general, rocket 

booster has a nozzle and it should be ejected at the transition phase between boost and ramjet 

phase. So, it is preferable to have a nozzle-less booster to avoid ejection. During the integrated 

booster operation phase, the air intake and gas generator to combustion chamber throat need to 

be closed and it needs to be opened for a very short time at the transition between boost and 

ramjet phase. Once the nozzle-less booster burns out the ramjet propulsion takes over for 

producing the thrust for sustaining the supersonic speed of the missile [7-9]. 

A special characteristic of solid propellant burn rate depends on the pressure variation in gas 

generator. So, the fuel flow rate of gas generator is controllable for active thrust variation which 

allows the missile speed to be a function of altitude and Mach number in a controlled manner. 

Further, extra thrust can be generated during the high manoeuvre requirement at the end phase of 

target engagement by controlling fuel mass rate. The solid propellant in gas generator has high 

density and volumetric heating value. It has an advantage over other propellants which allows 

auto-ignition of the propellant and is not sensitive to flameout on combustion instability [7-10].  
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2.4  Air intake Design and Operation 

       Air intake provides oxygen for combustion with fuel mass to produce thrust. The intake 

must provide the engine with sufficient air mass flow and the required pressure recovery in all 

flight conditions for stable combustion in ramjet missile. The intake system mainly consists of 

two parts, the first part in which external compression is accomplished when air flow arrives at 

the initial portion of intake called cowl lip. The second part is when internal compression is 

accomplished at the intake throat by terminal shock.  An optimal design for intake is required to 

meet the maximum gain of pressure recovery and corresponding air mass flow. [11-13] brought 

out the intake design with multiple shock provision to ensure reasonable pressure recovery for a 

different Mach number. [14-17]  carried out research on optimal location of intake on missile 

considering the operations at different orientations and angle of attack and also brought out that 

the internal bleed system ensures the functions of air-intake even at off-design conditions (below 

and above the designed Mach number).    

 

2.5  Variable Throat Design and Operation 

        The beginning phase of solid propellant based ramjet missile is used for surface to air 

missile where fixed throat is used to control the flow of fuel mass rate from gas generator to 

combustion chamber. It was found that the optimal use of ramjet propulsion system for range 

enhancement was not adequate with fixed throat method. Further, the fixed throat concept ramjet 

technology is difficult to apply for air-to-air missile. So, changing the throat area based concept 

was essential to vary the thrust based on altitude and Mach number. The fuel flow rate 

generation and flow to combustion chamber in a controlled manner were the main concerns in 

solid propellant ramjet since it directly affects the thrust of the missile. It can be realized by 

several different methods listed below [18-23]. 

1. Introducing secondary injection to gas generator to control the burning rate of solid 

propellant 

2. Introducing a swirl in vortex valve to fuel flow rate in order to control the effective throat 

area between gas generator to combustion chamber 

3. Changing the throat area using a control valve. This can be done by : 
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a. The needle-type (or pintle-type) valve 

b. Pressure-balanced gas regulating systems 

c. Electromechanical actuation  for changing the throat area 

 

2.6  Fuel Flow Controller Design to meet Thrust Requirement 

      For control design, the first step is the modelling of plant. [7][25-32][36-38] discussed 

propulsion modelling of ducted rocket and components like gas generator, throttle valve and 

combustion chamber. The researchers presented the relation between throttle area, burning rate 

of gas generator propellant, gas generator pressure and fuel flow rate to combustion chamber.  

The modelling of ramjet engine was done and the fuel flow controller design of ramjet using 

throat area as control input was considered. In [36], the controller designed a model considering 

gas generator pressure as first order lag dynamics and gain scheduled using P and PI controller. 

There are many studies available which talk about controller for ramjet ducted rocket in [42-44] 

[50-52].  PID based single set of controller gain for fuel flow controller was designed to meet the 

objectives. However these gains are inadequate to provide the desired performance for a wide 

range of operations. In [32-35][52], fuel flow controller design was done using variable throttle 

valve and variable gas generator pressure through pneumatic pressure (pressure balance mode) 

with the help of PID controller.  However, this needs extra hardware which leads to complexities 

in small missile design. Further work was done in [32][38][53], where two loop based thrust 

controller was proposed (Outer loop as thrust control loop and inner loop as pressure control 

loop). Mathematical models of both loops were obtained in state space equation. In [29-31], a 

new fusion feedback input from gas generator pressure and combustion pressure was discussed 

to ensure stability. [38-40][44][53] presented PID controller gain scheduling based on look-up 

table and it also showed comparison  with PI controller vs. adaptive controller and concluded 

that both controller performances  were satisfactory. 
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2.7  Intake Instability Analysis and its Control Techniques 

      The position of air intake terminal shock is affected by perturbation of the propagation 

upstream from combustion chamber and from disturbance in the free-stream. Due to propagation 

phenomena, two types of instability, un-start and Buzz occur in intake. In general, when 

combustion chamber pressure (back pressure) rises and  the terminal shock emerges, the position 

outside the intake duct is usually called un-start and when the terminal shock position oscillates 

in the duct, it is called air intake Buzz [60][63][72].  Buzz can lead to thrust loss, engine surge or 

even structural damages. There is also heightened risk of intake un-start or buzz for ramjet 

powered missile during manoeuvre such as acceleration, snap up and snap down conditions, 

where fuel rate requirement may increase or decrease with altitude.  

These phenomena have been the subject of research while developing ramjet engine. Intake 

instability was experimentally established and presented [65-69][79-80]. In [81-83], theoretical 

model of buzz phenomena was presented. However, it has been impossible to model the buzz 

with accurate precision over the years.  In [70-73], although some attempts have been made to 

model the buzz, it was found that in the supercritical region, the terminal shock is inside the 

intake duct and the acoustic waves travelling back and forth between intake and combustion 

chamber can affect shock location while the total pressure recovery of intake hardly changes. In 

contrast, shock is outside intake duct in the subcritical regime. The total pressure recovery is not 

much affected. So, obtaining a dynamic model of buzz is a challenge. [67] presented the 

experimental study with two types of shock oscillations, little buzz and big buzz that exist inside 

the intake duct. The little buzz is due to acoustic phenomena and has high frequency, whereas 

big buzz is due to boundary layer separation and has low frequency.   

   Simon Trapier et al. [57] presented low-order model for un-start and buzz need to control 

engine stable operation. So, controlling air intake un-start and buzzing for stable ramjet engine 

operation is a very important part. [51-52][64] presented the active control design to establish the 

position of  terminal shock inside the intake duct through ensuring back pressure margin within 

the intake. It is possible through bleed control or exit nozzle throat area control by including 

extra hardware. However, the control design measures are successful, provided the terminal 

shock is maintained inside the intake duct. But once full-fledged buzz has occurred, it needs pro-



 
Chapter 2                                                                                                                                         Literature Review 
 
 

19 
 

active control to avoid it. [67][ 84-87] proposed the variable ramp technique to effectively nullify 

the occurrence of buzz, which also demand complex hardware.   

 

2.8  Controller: Dynamic Inversion 

      To accomplish effective fuel flow controller for solid based ramjet air-to-air missile, it should 

be designed for optimal thrust to meet the maximum range and high manoeuvrability. Traditional 

controllers are based on classical control theory with linearized equations of plant dynamics. 

These controllers require substantial tuning and gain-scheduling techniques [93]. For a missile, 

with increased angle of attack, variation of pressure as a function of altitude and Mach number 

and enlarged range of operation, nonlinear terms are much more significant and cannot be 

ignored [94]. Thus, geometric nonlinear control theory, which has provided systematic design 

tools for nonlinear feedback systems, has excited the interest of control engineers [95]. Among 

these methods, exact linearization techniques have been applied to aircrafts and missiles. 

Recently, control researchers have developed an advanced flight control design called 

nonlinear dynamic inversion (NDI) based on feedback linearization [96-102]. Conventional 

controller designs assume that plant dynamics are linear and time invariant for nominal flight 

condition and they feature stability and command augmentation systems to meet the required 

flying/handling qualities, with gains scheduled as functions of nominal flight conditions. In 

extreme flight conditions, the performance of these systems begins to deteriorate because of the 

un-modeled effects of strong nonlinearities inherent in flight dynamics. The main advantage of 

NDI methodology is that, it avoids gain-scheduling process of other methods, which is rather 

time consuming, expensive, iterative and labor intensive. NDI technique offers greater 

reusability across different batches of propellants and greater flexibility for handling changed 

models. Control laws based on NDI offer potential for providing improved levels of performance 

over conventional flight control designs in extreme flight conditions. This is due to NDI 

controllers being more accurate representation of forces and moments that arise in response to 

large state and control perturbations. These control laws also allow specific state variables to be 

commanded directly [98-100]. Because of the superior performance of NDI methodology, many 

designs of modern, advanced aerospace vehicles are based on this technique. 
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Successful flight control designs using nonlinear dynamic inversions have been developed. A 

two-time scale, or two-stage dynamic inversion approach has been widely applied for highly 

manoeuvrable fighter aircrafts [95-111] and missiles [112]. 

Dynamic inversion, or equivalent feedback linearization, is one of the most popular control 

design methodologies for nonlinear systems that are defined by control variables [116-117]. 

However, many practical applications give rise to non-affine nonlinear systems, for which an 

explicit inversion is not possible. Hovakimyan [118-119] presents a new method for approximate 

dynamic inversion for non-affine cases in control systems via time-scale separation. The control 

signal is sought as a solution to fast dynamics and is shown to asymptotically stabilize the 

original non-affine system. Additionally, different types of desired dynamics will respond 

differently to uncertainties and it is important that the desired dynamics has robustness. The 

choice of desired dynamics and its effects have been discussed in [98][108-110][130-140]. 

Time-scale separation exists in many dynamical systems. Using natural separation between 'fast' 

and 'slow' variables to reduce the complexity of a dynamic system can greatly simplify the 

control design and analysis problem. There are natural timescale separations in many flight 

control problems, both in the design of attitude control autopilots and Fuel flow controller 

design. Examples of dynamic inversion flight control using time-scale separation can be found in 

[141-146]. 

In this method, fast dynamics is assumed to go on a steady state, and the stability of the 

simplified system is studied. Based on the above discussion, it can be concluded that dynamic 

inversion is a very powerful controller for design of fuel controller of ramjet propulsion system. 

Battacharya et al. [147] presented two and three loop structure based design using dynamic 

Inversion controller. 

 

2.9   Motivation 

     Tactical air-to-air missile manoeuvre while engaging aerial target at different altitudes from 

0.5km to 15.0km that would lead to high angle of attack, which tends to affect missile velocity 

due to induced drag and reduce overall capability of the missile. So, missile velocity dropping 
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can be avoided by injecting more fuel into the combustion chamber for producing extra thrust. 

Hence, fuel flow controller is a very important algorithm to use in ramjet propulsion system. The 

thesis presents an extensive review of the research topic and found that the existing design has 

focused on different control techniques in standalone situations to produce thrust and control/ 

avoid intake instability through nozzle throat area or bleed movement, which need extra 

hardware to implement in a missile. Therefore, the following gaps along with space constraints 

have been worked out for designing an efficient and stable fuel flow controller to meet the 

objectives of air-to-air missile. 

1. Bring out the design objectives of fuel flow controller for achieving overall performance 

of a missile. 

2. Effect of angle of attack on mathematical model of ramjet engine has not been 

considered and this can deteriorate the performance of controller in the presence of 

missile manoeuvre and impact missile performance. 

3. Generic fuel flow controller design as a function of altitude and Mach number has not 

been formulated and this can affect the performance at operating conditions from 0.5km 

to 15km altitude. 

4. Air intake instability problem has not been addressed as there appears to be no hardware 

for solid ramjet propulsion system. 

 

The thesis in general addresses all the above aspects and constraints to design a fuel flow 

controller for effective performance of air-to-air tactical missile. 

 

2.10   Contributions 

         The work undertaken aims at designing a fuel flow controller for efficient and stable 

operation of solid based ramjet propulsion systems as a function of varying altitude and Mach 

number. The following are the contributions of the proposed work: 

1. The existing literature discuss controller design with respect to solid fuel ramjet functionality 

to produce thrust with different control techniques. Ramjet system is a dynamic system and 

its performance depends on aerodynamic configuration and operating condition like altitude, 



 
Chapter 2                                                                                                                                         Literature Review 
 
 

22 
 

Mach number and angle of attack of missile. The existing mathematical models of the ramjet 

engine have been made without considering angle of attack that plays a crucial role to cruise 

Mach number in the presence of a manoeuvring missile. While the existing design is 

important for testing and stabilizing the ramjet technology on ground, in flight, the design 

may not be useful, specially for realizing air-to-air missile which can be launched from 

different altitude from 0.5km to 15km against an aerial target.   In this work, keeping in mind 

angle of attack the mathematical model of the ramjet engine was improved.  

2. Not a single piece of literature has talked design specification in terms of speed of response 

(Bandwidth) of fuel flow controller and its applicability for missile performance as a function 

of altitude, Mach number and angle of attack. To bring out the specification of fuel flow 

controller design, it is assumed that missile velocity (Mach number) is a crucial parameter for 

designing an efficient and optimal guidance and autopilot of the missile. So, velocity of 

missile is to be a function of altitude for effective use of aerodynamic manoeuvring 

capability. So fuel flow controller specifications have been generated to nullify the effect of 

total drag force as a function of angle of attack. To meet the design specifications, the 

actuator specification was generated based on loop separation theory. 

3. A generic two loop fuel flow controller was designed to meet the specification as a function 

of altitude, Mach number and angle of attack.  Step by step design relation was brought out 

from outer loop (Thrust/Mach number) to inner loop (gas generator pressure). To meet the 

guidance requirement and design specification, the outer loop design relation generates the 

requirement of inner loop and to meet the outer loop requirement; the inner loop generates 

the requirement of actuator deflection to rotate the throat valve for changing gas generator 

pressure. The dynamics of gas generator along with aerodynamics are nonlinear in nature. 

Hence, dynamic inversion based control methodology was adopted for the design. 

4. The above two loop design of fuel flow controller was carried out assuming ideal 

performance of air intake which provides compressed air flow. In practice, the performance 

of air intake plays a crucial role to provide adequate air mass flow rate in the combustion 

chamber for producing the thrust. In the presence of disturbance in upstream flow 

(combustion chamber) or downstream flow (gust in atmosphere), back pressure margin is 

affected and ramjet engine performance deteriorates due to intake instability. The behavior of 
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intake instability is characterized for air-to-air missile to control it. An innovative provision 

using feed forward dynamic inversion has been proposed to protect pressure margin of intake 

without the use of extra hardware. Feed forward based back pressure control loop needs to 

act very fast to capture the fast dynamics of buzz oscillation. So, the three loop structure 

based fuel flow controller was designed for meeting two objectives for stable operation of the 

ramjet engine. 

i. To keep back pressure margin within the design margin for avoiding intake instability 

and 

ii. To control air intake buzz oscillation when set in motion.   

5. Six-Degree-of-Freedom (6-DOF) simulation platform of missile was carried out in which 

complete dynamics of missile was simulated along with Guidance & Control algorithm, Fuel 

flow controller and ramjet model.  Fuel flow controller design was evaluated at different 

engagement scenarios along with aerial target from 0.5km altitude to 15km altitude with missile 

velocity varying from 2.2 Mach number to 3.2 Mach number under nominal and off-nominal 

conditions. The design stability was evaluated against ramjet engine uncertainties and missile 

perturbations.  

6. Fuel flow controller design implementation and coding has been carried out using MATLAB 

software. However, the design validation of fuel flow controller for different engagements 

scenario in six-degrees-of-freedom are carried out using FORTRON software.                             

2.11   Thesis Organization 

    The thesis is organized in seven chapters. The following is a brief description of each chapter.  

    Chapter 1: Introduces the basic concept and requirements of solid based ramjet propulsion 

systems for development of air-to-air missile and it also describes the importance and necessity of 

fuel flow controller design. 

    Chapter 2: Presents a detailed literature review on the research topic focussing on past and 

present research. The literature reviewed various methods or techniques used for fuel flow 

controller design to meet thrust requirement. The literature review also reveals the intake 

instability and various techniques used to control it using external hardware. Later, the literature 

on dynamic inversion control techniques is also presented with relevant applications. 
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Following an extensive literature survey on the topic, the motivation for the proposed research 

work is presented and then the objective, contribution and organization of the thesis. 

    Chapter 3: The ramjet engine mathematical model is presented keeping in mind angle of attack. 

This model is used to design fuel flow controller for generating the required thrust. Buzz 

mathematical model of air intake is presented to evaluate the performance of ramjet systems in the 

presence of disturbance and this model is used to design an extra loop controller to avoid it.  The 

air-to-air missile and aerial target mathematical model is also presented to provide suitable 

simulation platform to evaluate the ramjet performance at different engagement scenarios. 

     Chapter 4: The design specifications of fuel flow controller are specified based on guidance 

loop design of missile. Fuel flow controller design using Dynamic Inversion technique has been 

discussed. Design principles of all the loops have been explained and step by step design relation 

presented. Standalone performance of fuel flow controller results are presented for different Mach 

number (thrust) and the corresponding results of gas generator pressure, actuator deflection, throat 

area and mass flow rate have been discussed.    

     Chapter 5: The oscillatory behaviour of intake buzz has been analyzed for air-to-air missile 

configuration. Based on this analysis, requirement of back pressure loop design is discussed. Feed 

forward gain based dynamic inversion design is presented for fast control ensuring the stable 

operation of ramjet engine. Further, Standalone performance results are evaluated for different 

Mach numbers and the corresponding deviation in tracking performance is brought out. Apart from 

this, three loop designs which also keeps track of back pressure margin to avoid intake instability, is 

discussed in the chapter.  

    Chapter 6:  The complete fuel flow controller design results have been evaluated in six-degrees-

of-freedom simulation platform at different engagement scenarios along with aerial target from 

0.5km altitude to 15km altitude and Mach number varying from Mach number 2.2  to Mach number 

3.2. The design stability is evaluated against ramjet engine uncertainties and missile perturbation. 

The performance of guidance and autopilot results are also presented to bring out overall missile 

performance in the presence of fuel flow controller output.  

   Finally, the thesis concludes in Chapter 7. The chapter summarizes research contribution, 

findings and observations of the present work. Then it presents scope for future research based on 

the limitations of the present study. 
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2.12   Summary 

      In this chapter a general discussion on existing work relevant to the fuel flow controller for 

solid fuel ramjet propulsion system is presented. Controlling the fuel flow from gas generator to 

combustion chamber for producing desired thrust is the main area of interest. Existing research 

proposes various techniques and methods for fuel flow controller and has mostly focused on 

development of solid fuel ramjet propulsion for the purpose of ground testing. This chapter has 

included various research discussions on air intake instability like buzz, which needs extra 

control hardware to handle it. However, designing fuel flow controller for air-to-air missile 

applications is comparatively a new area of research due to varying operational scenarios and 

manoeuvrability constraints. Putting extra control hardware in air-to-air missile is difficult due to 

space constraint. So, handling intake instability through fuel flow controller for air-to-air missile 

makes the design further challenging. The typical challenges and the relevant literature on the 

development of solid fuel ramjet propulsion system have been presented in this chapter. 

Furthermore, the motivation, contribution and organization of the thesis are presented in this 

chapter. 
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Chapter 3 

Mathematical Model of Solid Ramjet Engine, Air-to-

Air Missile and Aerial Target 

3.1  Introduction 

    In order to realise an efficient and stable fuel flow controller, the behaviour of the complete 

ramjet engine under these operating conditions, especially the very tight interdependencies 

between actual flight variable, fuel mass flow, air intake stability and the missile dynamics, has to 

be understood and modelled. Moreover, the performance of ramjet propulsion system has to 

validate air-to-air engagement scenario.  This chapter proposes a mathematical modelling of 

ramjet engine including intake, six-degrees-of-freedom (6-DOF) missile modelling and point 

mass modelling of aerial target. The objectives of mathematical modelling are, (i) It helps to 

characterize the ramjet engine at different operating condition, (ii) find out the algebraic relation 

between throttle valve area, gas generator and fuel flow rate and (iii) find out the relation between 

missile parameters and engine dynamics. The outer loop Mach number dynamic and inner loop 

gas generator dynamic have been formulated for designing an efficient fuel flow controller. 

Moreover, the scheduling of controller gain and desired response for air-to-air missile application 

has become feasible after characterisation of ramjet engine variable along with missile variables. 

Fuel flow controller for solid fuel ramjet propulsion requires validation in air-to-air missile 

against the aerial target. So, six-degrees-of-freedom (6-DOF) modelling of ramjet missile and 

point mass modelling of aerial target have been also presented to provide an interacting platform 

for fuel flow controller validation.     

3.2  Mathematical Modelling of Ramjet Engine 

  The basic design objective of ramjet engine is to meet the thrust requirement as a function of 

altitude and Mach number for a high speed supersonic long range air-to-air missile. A ramjet 

engine is an air-breathing combustion system consisting of a gas generator housing the solid 
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propellant, a throttle valve which regulates fuel flow rate into the secondary combustion chamber 

and an air intake system. The function of a gas generator is to provide oxidizer deficient fuel in 

appropriate form to combustion chamber, where the main combustion process occurs by a 

mixture of the compressed air, which then generates thrust. So the modelling of ramjet engine 

components as shown in figure 3.1 is done. Combustion engine dynamics provides thrust based 

on fuel flow rate, static pressure and temperature. 

         

 
    

Figure-3.1: Schematic diagram of ramjet engine 

 

Basically, throttle valve opens through the fuel flow actuator based on the error generated by 

Mach number control loop to release fuel flow rate. Generation of fuel flow rate depends on 

dynamic condition of gas generator [25-26, 36]. The working principle of fuel flow rate control 

depends on the following conditions 

1. When the throttle area reduces, it will increase the gas generator pressure and the fuel flow rate 

of gas increases. 

2. Burning rate of solid propellant in gas generator is proportional to the chamber pressure of gas 

generator. 

3. So, reduction of throttle valve area through actuator will generate more gas burning and 

produce more fuel flow rate. 

 

The gas generator propellant designed as a cigarette burning with a constant area ( gA ) has:  

                                                        g g g gm A                                                                      (3.1) 
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Where, /g g g gP R T   is the density of gases propellant and n
g g gP    is the burn rate of the 

propellant. 

The variation of gas generator volume is:  

                                                            g g gA                                                                      (3.2) 

In gas generator burning progress of the propellant vacant free volume of gas generator and it 

will be filled with hot gases. Then the gas starts flowing from the gas generator to the combustion 

area through the throttle valve.  

 

Now, the flow fuel rate of gas through the throttle valve is: 

                                                        �̇���� =
�����

��
                                                                 (3.3) 

Where,  ��is characteristic velocity of solid propellant. Then, Incremental change in fuel flow 

rate is 

                                               ∆�̇���� =
���∆���

��
+

����∆��

��
                                                    (3.4) 

Where, ��� is a function of throttle valve opening area. 

The gas generator dynamics is given by,  

                                              �̇� =
����

��
(�̇� − �̇����)                                                          (3.5) 

Incremental relation can be obtained from the above relation  

                             ∆�̇� =
����

��
(��������

���∆�� −
���∆���

��
−

����∆��

��
)                                (3.6) 

Gas generator propellant is designed as cigarette burning, so the characteristic velocity of solid 

propellant �� is constant. And from the above equation, gas flow rate capacity can be written as:  

                                          	
�̇�_���

�̇�_���
= (

���_���

���_���
)

�

���                                                               (3.7) 

From the above equation, it may be included that the gas flow capacity depends on the 

propellant characteristic regardless of the throttle area ratio. 

Now, gas generator dynamics is: 

                                  ∆�̇� =
����

��
(��������

���∆�� −
���∆���

��
−

����∆��

��
)                           (3.8) 

                                               ∆�̇���� =
���∆���

��
+

����∆��

��
                                                    (3.9) 
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Longitudinal equation of missile motion is defined by Newton's law  

 
Figure-3.2: Representation of missile forces and orientation diagram 

 

                                                        �
��

��
= � + � + � + �                                              (3.10) 

Where 'm' is mass of missile, VM is the missile velocity, T is the thrust force, G is gravity force,  

L and D is the lift and drag force of missile as a function of Mach and angle of attack. Gravity is 

a minor factor and can be ignored. 

The equation can be re-written as; 

                                    ���∆�̇ = ∆� −
�

�
��(�����+ �����)∆�                                (3.11) 

 

 Induce Drag and Drag force are: 

                                             	� =
�

�
����∆�  and � =

�

�
����∆�                                       (3.12) 

For an isentropic fluid, 

                                                            �� = 	��
��

�
                                                               (3.13) 

Thrust generated by engine 

 

                                                   � = �(��, ��,�, �,�����̇ )                                                (3.14) 

Where,  Ps and Ts are static pressure and temperature respectively. 

Linearization of a thrust equation can be written as  

                                             ∆� =
��

���̇
. ∆��̇ +

��

��
. ∆�                                                     (3.15) 
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After solving the above equation, the thrust model is:  

    ∆�̇ =
����

����∗
��

���̇
∆�� +	

���

����∗
̇ ��

���̇
	∆��� +	

�

�.��
(
��

��
−

�

�
���(�����+ �����))	∆�                                                                     

                                                                                                   (3.16) 

 

3.3   Intake BUZZ Modelling 

 

Buzz Modelling 

      The dynamic model of intake is the updating of the combustion chamber/back pressure Pc 

based on the mass accumulation in the combustion chamber, i.e., the difference between the fuel 

plus air mass entering the combustion chamber and the gas mass exiting at the choked nozzle 

throat. This relation follows for compression systems [54,71]: 

                                                     

 
1

(3.17)c c th

P

P m m
B

     

Where, cm  is the mass of the fuel and air entering the combustion chamber , thm  is the mass of 

the air exiting from the exit nozzle throat and pB  is the back pressure factor given by:  

                                                    

1
(3.18)

( )
p cchB A

RT x
      

Where,    is a specific heat ratio, R is a specific gas constant, T(x) is the static temperature as a 

function of x which is the distance ranging from the fuel injection point to the exit nozzle throat 

and cchA  is the area of cross section of the combustor.  

Using Mass conservation and assuming ideal conditions in between combustor exit and nozzle 

throat, we recast the equation as: 

                                                    (3.19)th oth
th

oth

A P
m

T


                  

Where, thA  is the throat area at the exit nozzle, 

othP  is the total pressure at the exit nozzle throat and othT  is the total temperature at the exit nozzle 

throat and  is a constant given by: 
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1

12
   

1R










 
   

                                                                  (3.20) 

  othT is the maximum temperature at the combustor exit which is a constant value and under ideal 

conditions, the static pressure at the throat is equal to the combustor pressure. Using isentropic 

relation, the total pressure at the exit nozzle throat (M = 1) is given by: 

                                                 
1

0

1

2
th

th

P

P






 
  
 

                                                                   (3.21)      

Using (3.21) , we can rewrite (3.19) as , 

                                        
1

0

1
(3.22)

2
th

th c

th

A
m P

T



   
  

 
               

Now, for change in Pc equation (3.17) can be written as,  

 

                        

 
1

0

1 1
1 (3.23)

2
th

c a c

p th

A
P f m P

B T



  
 

          
 

             

Where,  f is the ratio of fuel to the intake air mass and am  is the intake air mass.   

The difference between the combustion pressure and the intake pressure behind the terminal 

shock gives rise to spillage in intake air mass. This can be formulated as:                              

                                       

  (3.24)i
a t c

i

A
m P P

L
    

Where iA   and  iL  are the effective intake cross section area and length of the intake duct. tP  is 

the intake pressure behind the terminal shock. 
P  is the atmospheric pressure.  

The pressure behind the terminal shock is determined by the incoming Mach number and free 

stream static pressure. Using the normal shock relation �� can be written as, 

                                         

22 ( 1)
(3.25)

1
t

M
P P

 



 



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Using this relation, the change in the back pressure can be written as:  

                                                   
4

(3.26)
1

t

M
P P M



  


 

Using (3.25), equation (3.24) can be written as:  

 

                                       
4

(3.27)
1

i
a t c

i

A M
m P M P

L





 
    

 
          

 

Combining (3.26) and (3.27) the equations can be written in matrix form as follows,  

              

1

0

1 1 0   
2

        (3.28)4

1                         0
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cc th
i
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3.4  Six-DOF Model of Solid Ducted Ramjet Air-to-Air Missile 

 

 

Figure-3.3: Representation of 3-moment (body rate) and 3-force (acceleration) 

 

The missile has six degrees of freedom motions in which three translations and three rotations, 

along and about the missile  , ,b b bX Y Z axes. These motions of missile are shown in figure 3.3. 

The total velocity of missile ( )mV  has components U, V, and W along the missile  , ,b b bX Y Z  

respectively. The missile’s angular velocity vector ω has components P, Q and R about 

 , ,b b bX Y Z axes, respectively [1, 3]. The translations acceleration of the missile in three axis are 

given below: 

 

3.1                                    

.

.

.

( )

( )
(3.29)
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Where,  x y zT T T    and xaero yaero zaeroF F F    are thrust and aerodynamics forces along the 

missile  , ,b b bX Y Z  body axes, respectively.  

The aerodynamics forces depend on missile dynamic pressure ( Q ), surface area of missile ( S ) , 

angle of attack (α) and fin deflection () of missile actuator. The relationship of these force with 

aerodynamics coefficient is given below. 

 

                                        

0 ( ) ( )

* ( ) ( ) (3.30)

( ) ( )

xaero x x x

yaero y y y

zaero z z z

F C C C

F QS C C dyn C

F C C dyn C

 

 

 

   
      
      

 

 

gx, gy and gz are the components of gravity (g) in body axis and given by: 

 

                                            0 (3.31)
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z
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g C

g

   
      
     

 

Here,  b
i m

C is the DCM matrix from inertial to body frame and given by: 

         

               
     

     

     

2 2 2 2
4 1 2 3 1 2 3 4 1 3 2 4

2 2 2 2
1 2 3 4 4 1 2 3 1 3 1 4

2 2 2 2
1 3 2 4 2 3 1 4 4 1 2 3

2 2

2 2 (3.32)

2 2

b
i m
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C q q q q q q q q q q q q

q q q q q q q q q q q q
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 
      
 
      

 

 

The dynamics of the body frame quaternion components,  1 2 3 4, , ,q q q q , where  1 2 3, ,q q q  define 

the principal vector and  4q is the magnitude of rotation, are given by the following sets of 

differential equations. 
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1
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.

2 3 4 1
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3

. 1 2 3

4

1
(3.33)

2

q
q p q q q r

q q p q q q r

q p q q q r
q

q p q q q r
q

 
    
            
   

     
  

 

The body rates dynamics in three axis of missile can be written as: 

 

                              

 

 

 

.

.

. .

.

.

1 1

1 1
(3.34)

1 1

aero x y z

x x

aero y z x

y y

aero Z x y

z z

l I P I I RQ
I IP

Q m I Q I I RP
I I

R
n I R I I PQ

I I

               
    

            
                  

 

Where,  x y zI I I    and  aero aero aerol m n  are moment of inertial and aerodynamic moments 

along the missile (Xb, Yb, Zb) body axes, respectively.  

    The aerodynamic moment depends on the missile dynamic pressure ( Q ), surface area of 

missile ( S ) , angle of attack (α) and fin deflection () of missile actuator. 

 

                                          

( ) ( )

* ( ) ( ) (3.35)

( ) ( )

xaero l l l

yaero m m m

zaero n n n

l C C dyn C

m QSD C C dyn C

n C C dyn C

 

 

 

   
      
      

 

 

3.5  Point Mass Model of Aerial Target 

A point mass model has been considered for target dynamic. X, Y and Z are the target positions 

in NED frame and tV  is the target velocity.  and  are the heading angle and flight path angle 

[3]. y zand   are the lateral acceleration in yaw and pitch plane of aerial target as shown in 

figure 3.4. 
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Figure-3.4: Representation of point mass motion of aerial target 
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3.6   Summary 

          This chapter presented the mathematical model of solid fuel ramjet engine, intake, air-to-

air missile and aerial target. Solid fuel ramjet engine was proposed keeping in mind angle of 

attack. It is a very realistic model to design fuel flow controller for air-air missile application. 

Angle of attack is a prominent missile variable which can affect engine produced thrust to 

compensate the drag force. This realistic model of ramjet engine is nonlinear in nature and will 

help design an efficient nonlinear fuel flow controller and gains scheduling technique. Intake 

model is presented to simulate the instability created by disturbance into the intake duct. Buzz 

oscillatory instability in intake is very dangerous and it can damage the structure integrity of 

ramjet engine. This modelling helps to bring out the buzz frequency as a function of altitude and 

Mach number of air-to-air missile and this information helps to generate fuel flow actuator 

requirement. Mathematical model of missile and target have been used to validate  three loop fuel 

flow controller design in different engagement of air-to-air missile to ensure miss-distance 

performance of the missile.  
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Chapter 4 

Two loop Fuel Flow Controller Design for Efficient 

operation of Solid Fuel Ducted Ramjet Engine 

4.1  Introduction 

     Recently, solid fuel ramjet propulsion system has become a dominant propulsion system for 

missile application, especially for long range beyond visual range (BVR) air-to-air missile. Fuel 

flow controller is an algorithm which uses effectively energetic of ramjet propulsion for air-to-air 

missile application. The following aspects are important to understand while designing fuel flow 

controller: (i) generation of specification or requirement of controller under missile manoeuvring 

condition as a function of altitude and Mach number, (ii) the controller technique to be used for 

nonlinear characteristic of ramjet system and (iii) inherent characteristic of controller meeting 

design specification as a function of altitude and Mach number. This chapter proposes an 

efficient nonlinear dynamic inversion technique based fuel flow controller to effectively use 

ramjet energetic as a function of altitude and Mach number against non-manoeuvring and 

manoeuvring aerial target. The topic of research is an ongoing project at Defence Research and 

Development Organisation (DRDO); the results of engine parameter normalized are confidential.  

4.2  Fuel Flow Controller Specification for Air-to-Air Missile  

        Ramjet missile has to engage aerial target from low altitude to high altitude. Based on target 

manoeuvre capability as a function of altitude and Mach number, proportional navigation (PN) 

based guidance generates legitimate lateral acceleration demand in presence of autopilot 

(
2 ap

ap

ap

T



 ), seeker ( kerseeT ) and estimator ( estimatorT ) lag to intercept the target for a given range-

to-go as shown in figure 4.1. minR  (H) is minimum rage-to-go, while  TV H
 
and  T H  are 

target speed and manoeuvre as a function of altitude. PN guidance collision course works 

optimally for constant velocity. Autopilot lag ( apT )   depends on missile normal force coefficient, 

altitude, Mach number and angle of attack. In general, configuration of missile design is carried 
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out to satisfy guidance demand and autopilot time constant. During engagement, air-to-air missile 

velocity reduces due to the build up of angle of attack (induce drag) while meeting lateral 

accelerate demand. Reduction in velocity further increases the angle of attack and increased angle 

of attack again increases the drag forces. So, it would further lead to reduction in missile velocity 

and manoeuvring capability of the missile. Finally, miss-distance (The distance at which the 

warhead of a missile can be expected to damage seriously the target)  requirement is affected for 

engaging the target.  

 
                          Figure-4.1: Schematic diagram of guidance loop   
 

Guidance loop time constant for constant velocity for engagement trajectory has been worked out 

as a function of altitude and Mach number as shown in table 4.1 [1, 4]. 

Guidance loop time constant:  

                                              
ker

2 ap

g ap see estimator

ap

T T T T




 
    
  

                                     (4.1) 

 

Table 4.1:  Guidance loop time constant as a function of altitude and Mach number 

S. No Altitude 

(km) 

Mach number 

(M) 

Autopilot time 

Constant (sec) 

Guidance loop 

time constant (sec) 

1. 0.5 2.2 0.1 0.30 

2. 5.0 2.4 0.2 0.45 

3. 10.0 2.8 0.5 0.70 

4. 15.0 3.2 0.8 1.00 
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Using the parameters given, guidance loop simulation model with seeker lag, estimator lag and 

autopilot lag as shown in figure 4.2 have been carried out to bring normalized homing time for 

the desired miss-distance of missile at each altitude.  

       Normalised Homing Time _( ) to go

g

T
NHT

T
                                                     (4.2) 

 
Where,  _to goT is the total duration when target start manoeuvre. 

 
 

 

Figure-4.2: Simulation model of guidance loop 

 

    A typical scenario is considered with constant missile velocity as a function of altitude and 

target manoeuvre at the start of guidance loop. The simulation result is shown in figure 4.3. The 

following conclusions have been reached: 

1. It is found that even though the guidance time constant can vary with respect to altitude, if 

the missile velocity can be constant during the homing phase for PN guidance, the 

normalised homing time (NHT) is the same for ensuring miss-distance of missile. 

2. In terminal/homing guidance phase, if the missile is manoeuvring and the missile velocity 

can decrease due to the angle of attack, the rate of change of velocity needs to be 

compensated along with guidance time constant. 
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Figure-4.3: Normalized homing time 

  

Therefore, Speed of response of fuel flow controller (

( gT ) as a function of altitude to maintain constant

 

                                   ffc gT H T H

So, the fuel flow controller time constant/ speed of response has been calculated based on

above relation and given in table 4

 

Table 4.2:  Fuel flow controller

       

  To achieve speed of response of fuel flow 

bandwidth requirement can be computed based on 

controller.  Minimum time constant requireme

S. No Altitude 

(km) 

Mach 

number (M)

1. 0.5 2.2 

2. 5.0 2.4 

3. 10.0 2.8 

4. 15.0 3.2 
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: Normalized homing time requirement for miss-distance at different altitude

Therefore, Speed of response of fuel flow controller ( ffcT ) is the same as guidance

to maintain constant velocity.   

( ) ( )ffc gT H T H                                                                       

flow controller time constant/ speed of response has been calculated based on

ve relation and given in table 4.2. 

.2:  Fuel flow controller time constant as a function of altitude and Mach number

To achieve speed of response of fuel flow controller as a function of alti

can be computed based on the minimum time constant of fuel flow 

.  Minimum time constant requirement of controller would be computed

Mach 

(M) 

Autopilot time 

Constant (sec) 

Guidance loop 

time constant (sec) 

Fuel flow controller 

time constant

0.1 0.30 

0.2 0.45 

0.5 0.70 

0.8 1.00 

Two loop fuel flow controller     

 

at different altitude 

guidance time constant 

                                              (4.3) 

flow controller time constant/ speed of response has been calculated based on the 

time constant as a function of altitude and Mach number 

controller as a function of altitude, actuator 

the minimum time constant of fuel flow 

nt of controller would be computed for low altitude 

Fuel flow controller 

time constant (sec) 

0.30 

0.45 

0.70 

1.00 
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engagement scenario. Fuel flow controller has two loop based structures for producing velocity. 

Based on loop separation theory, 4 time separation needs between thrust loops (Outer) to pressure 

loop (Inner). However; 

                               Gas pressure loop bandwidth = 
4

ffc_minT
                                                (4.4) 

Where, ffc_minT  is fastest time constant requirement at low altitude. 

Further, fuel flow actuator situated in the inner loop of pressure loop results in faster dynamics. 

So 4-5 times separation is to be ensured for actuator for loop separation. Thus: 

                            Actuator bandwidth = 
16 20

ffc_minT


                                                            (4.5) 

 Generally, outer loop (Mach number loop) bandwidth varies from 1.0Hz to 3.0Hz , so inner loop 

(gas generator pressure loop) requires bandwidth of around   4Hz to 12Hz and actuator 

bandwidth requirement of a two loop fuel flow controller will be  20Hz to 45Hz. 

 

4.3   Nonlinear Dynamic Inversion Based Control  

        The basic concept behind time scale separation NDI controller is to follow commanded 

input with the desired fastness and accuracy when the original plant can be thought of as one fast 

dynamic and one slow dynamics. It can be achieved by inverting the governing equations of the 

individual dynamics based on measured state and input command [111, 118-120, 147]. 

If the nonlinear system is written as: 

                               �̇ = �(�, �)                                                                                           (4.6) 

Using time scale separation, fast state and slow state can be separated as: 

                               	��̇ = ��(�) +	��(�)��                                                                                (4.7) 

                                ��̇ = ��(�) +	��(�)�                                                                                 (4.8) 

Where,  � = [��, ��], are slow and fast state variables respectively. 

The above equation clearly shows that for slow state dynamics, fast state dynamics appears as 

input. The following equation can be written from out of plant as follows: 

  

                                  �̇ =
��

���
�̇� =

��

���
�� + ∆���                                                                    (4.9) 
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           where,  ∆�=
��

���
��(�)  

Now based on desired output and sensed output, the desired output dynamics can be designed as; 

                                        �̇� = �(��, �, ��, x�)                                                                         (4.10) 

Where,  �� and x
�
 are the desired natual frequency and damping of outer loop or slowly varying 

output control loop. Based on the desired dynamics of slow states, desired input to faster 

dynamics can be obtained from equation-21 as; 

                                        ��� = 	∆�
��(�̇� −

��

���
��)                                                                    (4.11) 

Here, ∆� must be invertible. Now the desired fast state is used to design the desired fast state 

dynamics as: 

                                      �̇�� = �(���, ��, ��, x�)                                                                     (4.12) 

Now fast dynamics is inverted to obtain control input as: 

                                       � =	��(�)
����̇�� − ��(�)�                                                             (4.13) 

 

 

4.4   Two Loop Fuel Flow Controller Design using Non-linear Dynamic 

Inversion 

            Figure 4.4, shows the loop architecture designed of fuel flow controller for ramjet 

propulsion system. It is having two loop structure an outer loop and an inner loop. The outer loop 

is called a thrust control loop and having slow dynamics characteristic. Inner loop is called 

pressure control loop and has fast dynamic characteristic. The dynamic inversion control design 

approach presented here exploits the time scale separation that inherently exists in ramjet engine 

dynamics. The outer loop inversion controller uses the states of fast dynamics to control those of 

slow dynamics, and the inner loop inversion controller uses the control throttle area to control the 

states of fast dynamics. In this approach, gas generator pressure is identified as fast dynamic 

response while Mach number is characterized as slow state variable. The gas generator pressure 

strongly depends on the throttle area of valve. Thus, to start with, a fast state controller for gas 

generator was designed. Having designed a fast-state controller, a separate, approximate 

inversion procedure was carried out to design the slow state controller for Mach number. It may 

be noted that, such a model reduction was possible as there is significant difference in the time 

scale between the fast and slow state in the open loop dynamic of solid fuel ramjet engine.  
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Figure-4.4: Block diagram of two loop fuel flow controller 

 

Outer Loop Design:  

    The Outer control loop takes the requirement from guidance loop to achieve the velocity and 

speed of response.   

The desired dynamics is: 

                                     ��̇ = 	������(�� −��)                                                                    (4.14) 

Where,  ������	 =
1
����
�  time constant of outer loop.  

So, the demanded gas generator pressure can be computed as (chapter 3): 

                           

                              ��� = 	
∆�̇��	

�

�.��
(
��

��
�
�

�
���(�����a������a))	∆��
����
����∗

��

���̇

                                        (4.15) 

Where,  ���� 	= �(��,�,����, ���, ��), ��� & mass depends on missile configuration and 

��and H (altitude) on trajectory. �� is tuning factor which depends on guidance phase. 

 

Inner Loop Design: 

     Gas generator pressure control loop receive the requirement from outer loop. To meet, the 

desire dynamic condition, the equation can be written as:  
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                                    �̇�� = 	−2x��
��� + ��

� ∫���� − ���� ��                                           (4.16) 

   Where,   x
�

 and ��(~	3.5������)  is the required damping ratio and speed of response (natural 

frequency) of inner loop which is scheduled based on time scale separation between fast loop to 

slow loop.  ��� and ��� are commanded and sense gas generator pressure respectively. 

So, from chapter 3, the demanded throttle open area is: 

                                          ∆��� =
∆�̇��	[	

����

��
���������

�����
����
��

]

���

��

                                            (4.17) 

Throttle area incremental opening ensures the requirement of fuel flow rate to fulfil the desired 

Mach number or missile velocity.  

It should be ensured that ramjet propulsion works reliably with the designed fuel flow controller 

to ensure time domain performance like steady state (within ±2.0%) of all flight engagement 

conditions. 

 

4.5   Scheduling of Controller Gains 
   

      Two loop nonlinear dynamic inversion fuel flow controller has to perform from low altitude 

to high altitude and at different Mach numbers. The missile aerodynamic behaviour and inertial 

parameters keep on the changing based on operating condition. To accommodate the dynamic 

behaviour of missile and the corresponding thrust requirement, the controller gain will be 

scheduled based on these parameters. So, generic scheduling based on two loop fuel flow 

controller is designed as shown in figure 4.5. It is difficult to meet this requirement if controller 

gains are not determined based on these parameters. The comparison of scheduled gain and fixed 

gain are shown in section 4.6.    
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Figure-4.5: Block diagram of scheduling two loop fuel flow controller gain 

 

 

4.6  Standalone Results and Analysis of  Two Loop NDI Fuel Flow Controller 

           In this section, a two loop non-linear dynamic inversion based fuel flow controller and 

ramjet engine modeling was carried out in simulation environment in ideal condition (isotropic 

gas assumption) with actuator model, pressure sensor model and INS model. Simulations were 

carried out to show the performance of NDI based fuel flow controller for meeting the Mach 

number demand at low altitude and high altitude scenario.  Speed of response (����) was 

computed based on missile operating conditions as a function of altitude and missile operating 

Mach number. The dynamic second order models of actuator, INS and pressure sensor are given 

below, which was used to simulate two loop fuel flow controller. All results like Mach number, 

gas generator pressure, throttle area and time were normalized. 

 
 

Actuator Linear Model: Actuator was modelled as a second order equation with an un-damped 

natural frequency of ACT and damping factor of ACT. The differential equation is:  

                               
.. .

2 2
0(2 )ACT ACT ACT ACT                                                          (4.18) 
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Inertial Navigation Sensor (INS) Model: Inertial Navigation sensor provides missile velocity. 

INS is modelled as a second order equation with un-damped natural frequency of INS and 

damping factor of INS. The differential equation is: 

                               
.. .

2 2
0(2 )INS INS INS INS                                                                                (4.19) 

Pressure Sensor Model: Pressure sensor provides gas generator pressure of ramjet engine. 

Pressure sensor is modelled as a second order equation with un-damped natural frequency of 

GGP and damping factor of GGP. The differential equation is: 

                               
.. .

2 2
0(2 )GGP GGP GGP GGP                                                                            (4.20) 

                
              Figure-4.6: Mach number performance of two loop NDI fuel flow controller at low and 

high altitude 

      Figure 4.6 shows the performance comparison of two loop fuel flow controller of Mach 

number. The speed or time constant of response at low altitude is faster than at high altitude for 

the same parameters. It also shows that the controller gain scheduling has been done as function 

of altitude to meet the demand. The corresponding gas generator pressure performance is shown 

in figure 4.7 and 4.8 for low altitude and high altitude. Similarly, throttle valve area and fuel 

mass rate performance are shown in figure 4.9 and 4.10 for low altitude and high altitude.  
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                    Figure-4.7: Gas generator demand Vs feedback performance of two loop NDI fuel 
flow controller at low altitude 

   

 

  Figure-4.8: Gas generator demand Vs feedback performance of two loop NDI fuel flow 
controller at high altitude 
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. 
 

Figure-4.9: Throttle valve area and fuel mass rate demand Vs feedback performance of  two loop 
NDI fuel flow controller at low altitude 

 
 

Figure-4.10: Throttle valve area and fuel flow rate demand Vs feedback performance of two loop 
NDI fuel flow controller at high altitude 
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            To achieve Mach number demand, outer loop design relation generates the demand of gas 

generator pressure ��� for inner loop. Inner loop design relation computes the rate of change of 

�̇�� based on time scale separation between slow loop and fast loop. To meet  �̇��, dynamic 

inversion of inner loop dynamic generates the demand of throttle valve area.     

 

4.6.1  Fixed Vs Scheduled Gains Comparison  

        Simulation has been carried out to bring out the advantage of nonlinear dynamic inversion 

(NDI) fuel flow controller gain considered in two different methods. 

1. Method 1: This method is called fixed gain. Here the controller gains are designed 

effectively at a particular altitude and the same gains are considered in different operating 

scenario. 

2. Method 2:  This method is called generic scheduling. Here, the controller gains are 

scheduled based on missile operating conditions.  

   In general, the objectives of fuel flow controller design are to have low overshoot and better 

steady state error. The simulation results are presented in figure 4.11.  

 

 
Figure-4.11: Mach number performance of two loop NDI fuel flow controller for 

Scheduled gains Vs fixed gains 
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  It was found from the simulation results that fixed gains method provides a better performance 

at 0.5km condition altitude condition but its performance deteriorates at 5km altitude condition. 

Scheduled gain method provides a better performance at both 0.5km as well as 5km altitude as 

shown in figure 4.11. Finally generic scheduling which gains computation for fuel flow controller 

is more efficient for air-to-air missile.  

 

4.7  Proportional-Integral (PI) Vs  Non-linear Dynamic Inversion (NDI) Fuel 

Flow Controller 

       The dynamic equations of ramjet engine for pressure loop and thrust loop are nonlinear. The 

performance of two loop NDI fuel flow controller was ensured in above section. It was necessary 

to came out a comparison analysis between the proposed technique and Proportional-Integral (PI) 

gain based two loop fuel flow controller design. The nonlinear equation of pressure loop and 

thrust loop linearization was carried out using Taylor series method. Transfer function based on 

two loop controller in s-domain was formulated and PI technique based controller was designed. 

The comparison performance of proportional-integral based controller and NDI based controller 

was evaluated at same altitude.  The Mach number achieved and the corresponding throttle valve 

area and gas generator pressure are shown in figure 4.12, 4.13 and 4.14.  

  

 
Figure-4.12: Nonlinear Dynamic Inversion fuel flow controller Vs proportional-integral 

fuel flow controller performance at same altitude for Mach number 
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Figure-4.13: Nonlinear Dynamic Inversion fuel flow controller Vs proportional-integral 
fuel flow controller performance at same altitude for throttle valve area 

 

 
 

Figure-4.14: Nonlinear Dynamic Inversion fuel flow controller Vs proportional-integral 
fuel flow controller performance at same altitude for gas generator pressure 
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    The comparison of results show that NDI based fuel flow controller performance is better 

than Proportional-Integral (PI) based controller with respect to design objective for air-to-air 

missile trajectory. Proportional-Integral (PI) based controller can be used for ground testing to 

stabilise the performance of solid fuel ramjet propulsion system.   

 

4.8 Summary 

 
        This chapter proposed a nonlinear dynamic inversion fuel flow controller design to use 

effectively in a solid fuel ramjet propulsion system for air-to-air missile application. Fuel flow 

controller design specification has been generated from the guidance loop design as a function of 

altitude and Mach number to meet miss-distance requirement of air-to-air missile against the non-

manoeuvring and manoeuvring target. Nonlinear dynamic inversion technique was adopted due 

to nonlinear characteristic of ramjet engine for gas generator pressure loop (inner loop) and thrust 

loop (outer loop). The performance between dynamic inversion controller technique and PI 

controller technique has been evaluated. To meet this design specification of fuel flow controller 

as a function of altitude and Mach number, a generic scheduling of controller gains methodology 

has been presented. The performance between fixed gains and generic scheduling gains was 

presented for different altitudes. It was found that generic scheduling of gain is more suitable to 

obtain efficient performance of ramjet engine for air-to-air missile. Moreover, simulation results 

for different altitudes show that the performance of the proposed two loop controller was found 

to be superior for varying missile characteristics as a function of angle of attack, altitude and 

Mach number and operational conditions. Hence, the proposed two loop NDI based fuel flow 

controller is suitable to provide efficient management of ramjet propulsion system for air-to-air 

missiles. 
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Chapter 5 

Three Loop Fuel Flow Controller Design for Stable 

Operation of Ramjet Engine 

 

5.1  Introduction 

        The performance of air intake plays a crucial role in providing adequate air mass flow rate in 

the combustion chamber for producing the thrust. The compression of atmospheric air happens 

due to terminal shock formation inside the air intake duct. Any disturbance in intake duct creates 

intake instability like unstart and buzz. In general, other classes of missiles use bleeder control or 

flex nozzle control to avoid it. These types of control need extra hardware in the missile. The 

proposed research in air-to-air missile configuration has space constraint to embed extra 

hardware for handling intake instability. So, this chapter proposes an innovative solution to 

handle/avoid instability of air intake for stable operation of ramjet engine using fuel flow 

controller. This topic of research is an ongoing project at Defence Research and Development 

Organisation (DRDO); therefore, the results of engine parameter have been normalized to ensure 

secrecy.   

5.2  Air Intake Operation and Characteristic 

            In a mixed compression ramjet, the terminal shock position is determined by the intake 

back pressure, which is ideally equal to the combustion chamber pressure. In case of any 

disturbance in the combustion chamber pressure, it pushes the terminal shock outside the intake 

duct resulting in un-start phenomenon, which can be restarted without much problem. But if the 

combustion pressure is just sufficient that it pushes the terminal shock just at the cowl lip, then a 

slight disturbance in the combustion chamber will push the shock just outside the intake duct and 

intake mass spillage will occur (Dailey Criterion) as shown in figure-5.1. This occurs due to the 

boundary layer separation at the compression ramp. 
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                                         Figure-5.1: Schematic Diagram of the Intake Duct 

 

As the shock moves upstream, the shear layer moves away from the cowl lip thus decreasing the 

intake air mass. So it’ll force the shock to reattach itself to the cowl lip again. And again the high 

combustor pressure will push the shock just outside the intake duct, because of which an 

oscillating phenomenon occurs. This phenomenon is termed intake buzz. 

In general, intake design for air-to-air missile has been carried out to operate in critical zones 

with a certain percentage of margin of back pressure for stable operation. If it is taken away by 

disturbance or uncertainties, then through some control technique, it could be brought out in the 

critical zone. 

 Hence, there is a need to control the terminal shock location in intake to operate intake back 

pressure within intake pressure margin [5]. 

                                            

(5.1)
critical operation

margin

critical minimum

P P
P

P P





   

Where, criticalP  and  minimumP   are  back pressure forward most limit and rear most limit of terminal 

shock location in intake duct. marginP  is the back pressure operating band to maintain shock 

location within intake duct. Once intake instability phenomena starts, control action to be 

initiated to keep back pressure within marginP margin. 

So, it is mandatory to characterize intake of all flight operating conditions like Altitude, Mach 

number and angle of attack to calculate marginP  for fuel flow controller design. Data of intake back 

pressure as a function of Mach, Altitude and angle of attack have been evaluated through CFD or 

wind tunnel testing. 
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5.3  Third loop control requirement 

          Controlling back pressure margin within limit leads to avoiding intake instability. It is also 

important to bring out the rate of control of intake instability under disturbance. So, the 

characteristics of buzz oscillation under disturbance have been determined based on previous 

chapter buzz mathematical model. A typical buzz oscillation condition on back pressure and air 

mass rate was simulated as shown in figure 5.2 and 5.3. 

 

Figure 5.2: Buzzing effect on back pressure under disturbance 

 

 

Figure 5.3: Buzzing effect on air mass rate under disturbance 
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It was also found from the above results that the oscillatory behaviour of buzz varies as a 

function of altitude and Mach number. So the operational altitude and Mach number range of 

air-to-air missile and the oscillatory frequency requirements are as shown in table 5.1.  

 

Table 5.1:  Buzz frequency range as a function of altitude and Mach number 

S. No Altitude 

(km) 

Mach number 

Range (M) 

Buzz oscillatory 

Frequency (Hz) 

1. 0.5 2.0 – 2.4 16 to 18 

2. 5.0 2.2 – 2.8 13 to 16 

3. 10.0 2.4 – 3.2 11 to 13 

4. 15.0 2.6 – 3.6 11 to 13 

 

So, fastness of fuel flow controller needs to be designed for capturing buzz oscillation dynamics 

under intake disturbance. Feedback control bandwidth is limited under propagating time delays 

inherent in the system; therefore, feed forward control requires fast controlling it. The 

requirement of fuel flow actuator can be estimated based on higher frequency of buzz oscillation 

and it comes from low altitude of missile operation.  

5.4   Three Loop Structure Based Fuel Flow Controller Design  

     Two loop fuel flow controller was discussed in chapter 4 where the outer loop is the thrust 

control loop and Inner loop is the pressure control loop. The main task of the two loop controller 

is to provide needed throttle valve area so that ramjet engine produces the commanded thrust and 

meets the desired speed of response to satisfy guidance loop requirement as shown in figure 5.4. 

In addition to the two loop FFC controller, a 3rd loop as a feed forward control is introduced as 

back pressure loop which is designed to protect intake back pressure margin for all operating 

conditions of the missile. If, back pressure margin is intact while in operation, this loop will be 

salient and be on watching mode. Once the back pressure crosses the prescribe limit, this loop get 

activated and ensures the stable operation of ramjet engine as shown in figure 5.5. Back pressure 

loop is also called supervisory control. The combustor pressure which is effectively back pressure 

is given by the chemical properties of the combustion process. The combination of these three 

loops as shown in figure 5.6 is the three loop structure based fuel flow controller. 
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Figure 5.4: Block diagram of two loop fuel flow controller 

 

 

 

 

Figure 5.5: Representation of feed-forward control for back pressure loop 
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 Figure 5.6: Block diagram of three loop structure of fuel flow controller 

 
          So, each loop design relation is discussed in below while the required throttle area is 

generated to meet thrust demand to ensure stable operation of intake at the time of disturbance.   

 
Outer Loop Design:  

    The outer loop gets the demanded Mach number from the guidance loop and sense Mach 

number from INS sensor. The desired dynamics for the outer loop is given by:  

                                                 
  (5.2)outer d sM M M                           

Where dM  and sM  stands for demanded and detected Mach number respectively. And outer is 

the time constant of outer loop.  
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 ii. Inner Loop Design:  

         The gas generator pressure control loop receives the requirement from outer loop. The 

demanded throttle valve area is:  

 

   Where  g inner gc gsP P P     , gcP  and gsP are the commanded and measured gas generator 

pressure respectively and inner is the time constant of the inner loop. This change in throttle valve 

area ensures the fuel flow rate such that the demanded thrust is achieved.  

 

iii. Feed-forward Back Pressure Loop Design:  

     The back pressure loop receives the demanded margin. The control logic is designed such that 

this loop gets activated when back pressure of the margin is specified:  

                                             
  (5.5)c third cc csP P P     

Where ccP  and  csP  are the demanded and measured back pressure (combustor pressure).  

From the combustion chamber dynamics in the table, the fm 
 
is computed corresponding to

.

CP  and from the computed value the required throttle valve area is computed:    

                                   0

2

0

(5.6)g tr gc

tr f

g g

C A P
A m

P C

 
     

 
          

So the effective throttle valve area is:  

                                               

1 2 (5.7)tr tr trA A A      

If the back pressure is within the margin, then the throttle valve area computed in equation 5.4 is 

used in the gas generator for injecting fuel mass rate otherwise taken from equation 5.7. The feed 

forward gain should be chosen as a function of Mach number and altitude. 

 

01
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5.5    Three Loop FFC Results and Analysis with Air Intake Disturbance 

            In this section, two loop nonlinear dynamic inversion (NDI) based fuel flow controller 

with feed forward control for back pressure and ramjet engine modeling with intake dynamics 

were carried out in simulation environment under ideal condition (isotropic gas assumption).  

Simulations were carried out to show the performance of three loop structure based fuel flow 

controller in presence of disturbance.   A typical altitude and Mach number scenario was chosen 

and applied to a random disturbance in combustion.      

Simulation results of three loop structure-based controller are shown in figure 5.7 to 5.9. Figure 

5.7 shows that the normalized sense back pressure performance and disturbance occurs at 

normalized time 0.4. So, total sense pressure can be analyzed in three phases to understand the 

control action. 

Phase-1: Performance of ramjet engine where Normalized time less than 0.4 

Phase-2: Performance at normalized time equal to 0.4 

Phase-3: Performance of ducted ramjet engine where Normalizes time greater than 0.4 

 

 

Figure 5.7: Sense back Pressure profile with intake disturbance 

Disturbance 
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Figure 5.8: Throttle Area computed by Fuel flow controller against the disturbance 

 

Figure 5.9: Fuel mass rate with corresponding throttle area for controlling back pressure                         

Phase-1: 

    The two loop Fuel flow controller sets the throttle valve area in a particular position so that the 

required fuel mass rate can be injected from the gas generator to the combustion chamber. 

Injected Fuel mass rate gets mixed with air mass rate which enters through air-intake and burns to 

produce thrust. During this process, the pressure sensor keeps sensing back pressure and back 
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pressure margin is computed by back pressure loop. Third loop controller determines that back 

pressure margin is within band, so no action need be taken and this implies that terminal shock in 

the intake is in nominal location. 

Phase-2: 

    Back pressure (Combustion chamber pressure) starts deviating due to applied disturbance. If 

not controlled, it can lead to propulsion instability and impact thrust as shown in figure 5.10. 

Ramjet engine could have a detrimental effect on the performance of the missile. 

Phase-3: 

  Once buzz oscillation gets started due to disturbance, the feed-forward back pressure loop gets 

activated before the disturbance digests the entire intake margin. Pressure margin at a given 

condition is computed and once it crosses the defined value, feed-forward based back pressure 

loop starts generating extra requirement of throttle valve area to bring back the margin in desire 

bound. Figure 5.8 shows that how fast the throttle valve area closes and the corresponding mass 

flow rate of gas generator to vary the back pressure.  During this process, the achieved thrust gets 

affected due to extra fuel flow rate variation which is injected in the combustion chamber. From 

the above results, it is seen that the controller is successfully bringing down the Combustion 

chamber pressure / back pressure from the disturbance zone. 

 

Figure 5.10: Air intake buzz instability effect on thrust produce by ramjet engine 
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5.6   Three Loop Structure Based FFC Performance With and Without 

Disturbance 

         A typical scenario has been simulated at low altitude and high altitude for different Mach 

number conditions to validate three loop structure based fuel flow controller with and without 

intake disturbance for air-to-air missile operating range. 

5.6.1  Low Altitude Scenario      

          A constant step Mach number demand is provided to the outer loop of the controller and air 

intake disturbance has been applied at normalized time 0.4. The performance of the controller 

was satisfactory except for some deviation in achieved Mach number due to change in throttle 

area and a corresponding change in gas generator pressure to produce fuel mass rate for 

controlling the intake disturbance as shown in figure 5.11, 5.12 and 5.13. 

 

 

Figure 5.11: Fuel flow controller response on Mach number with and without air intake 
disturbance at low altitude 
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Figure 5.12: Fuel flow controller response on throttle area with and without air intake disturbance 
at low altitude 

 

Figure 5.13: Fuel flow controller response on gas generator pressure with and without air intake 
disturbance at low altitude 
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5.6.1  High Altitude Scenario      

          A constant step Mach number demand is provided to the outer loop of controller and air 

intake disturbance has been applied at normalized time 0.4. The performance of the controller 

was satisfactory except for some deviation in Mach number achieved due to change in throttle 

area and a corresponding change in gas generator pressure to produce fuel mass rate for 

controlling the intake disturbance as shown in figure 5.14, 5.15 and 5.16. 

 

 

Figure 5.11: Fuel flow controller response on Mach number with and without air intake 
disturbance at high altitude 
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Figure 5.12: Fuel flow controller response on throttle area with and without air intake disturbance 
at high altitude 

 

Figure 5.13: Fuel flow controller response on gas generator pressure with and without air intake 
disturbance at high altitude 



 
Chapter 5                                                                Three loop FFC design for stable operation of ramjet engine 
 

71 
 

5.7   Summary 

         This chapter proposed an innovative concept of feed-forward back pressure control loop 

into the two loop fuel flow controller to handle air intake instability under disturbance without 

the use of extra hardware. Air intake pressure margin has been designed more for air-to-air 

missile. Any unprecedented disturbance can disturb the terminal shock into the intake duct. This 

may lead to detrimental effect on engine performance and overall missile performance. It is found 

that the proposed three loop structure based fuel flow controller is more efficient and stable under 

various operating conditions and disturbance for a solid fuel ramjet propulsion system. Moreover, 

the performance of the proposed three loop controller is found to be far superior for air-to-air 

missile than only two loop fuel flow controller under disturbance, which was discussed in 

previous chapter. Hence, the proposed controller technique can be used for all types of ramjet 

propulsion systems which have space constraints to embed in the system hardware oriented 

control techniques. 
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Chapter 6 

Fuel flow Controller Performance Validation on Six-

Degrees-of-Freedom Simulation Platform of Air-to-Air 

Missile 

6.1     Introduction 

             Air-to-Air missile is a guided flight vehicle and its job is to put warhead (explosive) close 

to the target so that warhead can destroy the target.  The vicinity of warhead is called miss-

distance. In this chapter, the performance of fuel flow controller design for solid fuel ramjet 

propulsion system has been evaluated in closed loop interaction between the missile six-degrees-

of-freedom (6-DOF) model, missile aerodynamics force and moment, missile guidance 

algorithm, missile autopilot algorithm with aerial target model. In the previous chapter, the fuel 

flow controller design performance was validated under different operational conditions using 

standalone simulation platform. To get the best validation of fuel flow controller design in real 

engagement scenario, all mission algorithms and operational parameters are dynamically 

changing and interacting with each other to ensure the overall missile objectives. Stability 

Analysis and Monte-Carlo simulations were also carried out with all missile perturbation 

conditions to show the robustness and miss-distance of missile with fuel flow controller. The 

topic of research is an ongoing project at Defence Research and Development Organisation 

(DRDO), so, all the results of engine parameters have been normalized. 

  

6.2  Air-to-Air Missile Engagement Scenario and Mission Sequence 

          Three cases of engagement trajectory were simulated to evaluate the performance of fuel 

flow controller as shown in figure 6.1. 

1. Case A: In this case, the missile and the target are flying at the same altitude, however, 

throughout the engagement trajectory, the aerial target does not manoeuvre. Missile guidance 
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needs to generate fixed path and the autopilot executes it for hitting the target. The 

requirement of angle of attack for this type of trajectory is low. 

2. Case B: In this case, the missile and the target are flying at the same altitude. In mid-course 

trajectory phase, the aerial target does not manoeuvre. However, at the terminal phase of 

trajectory, the target does evasive manoeuvring based on the capability as a function of 

altitude and Mach number, given in table-6.1.  Missile guidance needs to generate demand 

correspondingly and the autopilot executes it for hitting the target. The requirement of angle 

of attack in terminal phase is high for chasing the target and the rate of building the angle of 

attack depends on altitude and missile parameters. 

3. Case C: In this case, the missile and the target are flying at different altitudes. In mid-course 

trajectory phase as well as terminal phase of trajectory, the some demand is generated by  

guidance to shape the missile path towards the target and the autopilot executes it for hitting 

the target. The requirement of angle of attack in midcourse and terminal phase is moderate 

and the rate of building angle of attack depends on altitude and missile parameters. 

 

 

Figure-6.1:  Air-to-Air missile engagement for non-manoeuvring, manoeuvring and varying 
altitude against the aerial target 
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6.3  Operational Sequence of Fuel flow Controller 

             There are three phases of operational computation in fuel flow controller which make 

ramjet propulsion system operation effective, as shown in figure 6.2. 

1. Pre-launch phase: In this phase, based on the position like range, altitude and velocity of 

missile and target aircraft, pre-launch guidance algorithm computes the expected velocity 

requirement to hit target aircraft. To achieve expected velocity and corresponding thrust 

requirement from solid ramjet propulsion, fuel flow controller computes the desired throttle 

valve area and sets the position on throttle valve. So, once ramjet operation is initiated, the 

pre-fixed throttle valve area ensures gas generator pressure to inject fuel mass rate into the 

combustion chamber.    

2. Mid-course phase: In this phase, Fuel flow controller dynamically computes the position of 

throttle valve with respect to pre-launch setting, and makes incremental change in valve area 

to meet the requirements of mid-course guidance velocity. Third loop maintains the back 

pressure margin under intake disturbance for stable operation of engine. 

 

 

           Figure-6.2: Operational requirements and different phases of Air-to-Air  missile 

engagement scenario  

3. Terminal phase: In this phase, the requirement of angle of attack is more and rate of  angle of 

attack varies based on altitude and Mach number, So Fuel flow controller dynamically 
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computes the required area and speed to set the position of throttle valve. It is the most 

critical phase of air-to-air missile trajectory for fuel flow controller operation and any 

deviation can lead to higher miss-distance between the missile and target.  While getting 

more thrust from ramjet engine and fast changing of missile operating condition, the role of 

third loop is also critical in this phase of trajectory. Finally this loop has to maintain the back 

pressure margin under intake disturbance for stable operation of ramjet engine.  

6.4  Description of 6-DOF Model and its Interaction with Fuel Flow Controller 

for Air-to-Air Missile 

          The mathematical model of ramjet engine including intake model, 6-DOF equation based 

air-to-air missile configuration and point mass model of aerial target is presented in chapter 3. 

The complete six-degrees-of-freedom (6-DOF) model of air-to-air missile along with its different 

sub-systems including guidance, autopilot and fuel flow controller, aerodynamics model, 

pressure sensor model, missile actuator model and Inertial navigation sensor (INS) is simulated 

as shown in figure 6.3.  

 

 

Figure-6.3: Block diagram of complete 6-DOF model 
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This simulation platform is used to evaluate fuel flow controller design for different engagement 

scenario. The description of inputs required and design details of ramjet control have been 

presented in chapter 4 and chapter 5 and brief description of guidance, autopilot and 

aerodynamics model has been presented below. 

1. Missile Guidance:  Guidance algorithm requires missile position and velocity information 

from inertial navigation sensor (INS) and target position and velocity from radar or seeker to 

compute lateral acceleration in elevation and horizontal plane for missile to follow the path 

towards the target. Proportional navigation based guidance design is considered here, which 

optimally generates demand to nullify the line-of-sight rate between missile to target for a 

constant velocity of the missile as shown in figure 6.4. Details of guidance algorithm are 

provided in Appendix. 

                                 

Figure-6.4: Representation of missile-target engagement 

 

So, acceleration demand ( )cn of  missile can be written as:  

                                  
.

'
c Cn N V   

Where, N’ is navigation constant, cV  is closing velocity and 
.

  is LOS rate. 
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Figure-6.5: Block diagram representation of Proportional Navigation guidance representation 

 

2. Missile Autopilot: Missile autopilot algorithm generates deflection command for actuator 

based on lateral acceleration in elevation and horizontal plane from the guidance demand to 

change the new dynamic position of missile. This algorithm needs the body rate and 

acceleration information of gyro and accelerometer sensor to execute the deflection while 

tracking the guidance demand when maintaining stability, shown in figure 6.5. The generated 

fin deflection is provided to the actuator while deflection achieved is fed into the 6-DOF 

equation through aerodynamic model. Details of autopilot algorithm are provided in 

Appendix. 

            

Figure-6.6: Block diagram of missile autopilot representation 
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3.  Aerodynamics Model:  Wind tunnel or CFD test of air-to-air missile was conducted to 

characterize the missile force and moment behaviour as a function of altitude and Mach 

number, angle of attack and deflection.  These complete sets of force coefficient and moment 

coefficient data have been stored to compute the missile force and moment in 6-DOF 

equation to update the missile position and velocity with respect to time. 

 

6.5    Air-to-Air Missile Performance with Fuel Flow Controller at Different 

Engagement Scenario 

          Long range capability and manoeuvrability ability of missile defines the dominance over 

target in air-to-air engagement. Solid fuel ramjet propulsion system provides the impact on both 

of these capabilities. So, in effect the use of solid fuel ramjet energy through fuel flow controller 

makes the missile more efficient. In this section, the miss-distance of air-to-air missile was 

evaluated for different engagement scenarios from 0.5km altitude to 15.0km altitude. For a given 

missile configuration and subsystem design, the velocity of missile is an important variable to 

decide miss-distance performance for all the engagement. Hence, missile velocity requirement 

from solid ramjet propulsion must be fulfilled through three loop fuel flow controller. 

 

6.5.1  Missile-Target Engagement at 0.5km Altitude 

      At this altitude, the dynamic pressure is higher compared to other altitudes and the 

aerodynamic capability of lift force is high for both missile and target. So, the target can perform 

high manoeuvring at low altitude for escaping. Missile guidance is needed to generate lateral 

acceleration to hit the aerial target and the autopilot executes lateral acceleration while generating 

angle of attack. So, this high angle of attack directly impact drag force of the missile. However, 

maintaining the same missile velocity, the rates of increasing drag force need to be compensated 

through ramjet engine. So, fuel flow controller generates additional requirement of fuel mass rate. 

The performances of missile and fuel flow controller are given below.        
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Figure-6.7: 6-DOF simulation result of missile-target engagement scenario at 0.5km altitude with 
manoeuvring target in pitch up plane 

 

 

Figure-6.8: Requirement of angle of attack in different phases of trajectory at 0.5km engagement 
scenario 
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Figure-6.9: Missile Mach number (velocity) at different phases of trajectory at 0.5km altitude 
engagement by solid ramjet engine propulsion through fuel flow controller  

 

 

Figure-6.10: Requirement of throttle valve deflection generated by fuel flow controller for 
different phases of trajectory at 0.5km engagement scenario 

0 2 4 6 8 10 12 14 16

Time in sec

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

M
a

ch
 n

u
m

b
er

0 2 4 6 8 10 12 14 16

Time in sec

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

N
or

m
al

iz
ed

 T
h

ro
tt

le
 v

al
ve

 d
ef

le
ct

io
n



 
 
Chapter 6                                                                           Fuel flow controller performance validation on 6-DOF 
 

82 
 

 

Figure-6.11: Throttle valve area profile of solid ramjet engine by changing deflection angle 
through fuel flow actuator for different phases of trajectory at 0.5km engagement scenario 

 

Figure-6.12: Gas generator pressure profile of solid ramjet engine by changing throttle valve area 
for different phases of trajectory at 0.5km engagement scenario 
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Figure-6.13: Achieved fuel mass rate profile of solid ramjet engine by changing gas generator 
pressure to produce thrust meeting missile velocity for different phases of trajectory at 0.5km 

engagement scenario 
 

 

Discussion of Simulation Results: 

        Figure 6.7 shows that the air-to-air missile is launched from an aircraft at 0.5km altitude 

against the target which is also flying at the same altitude. A target starts manoeuvring in the 

pitch-up plane to escape from the missile. The missile autopilot generated corresponding angle of 

attack as shown in figure 6.8. With a high angle of attack, Mach number does not changed at the 

end phase of trajectory due to efficient action taken by fuel flow controller as shown in figure 

6.9. The miss-distance of this engagement is within warhead vicinity. Internal parameters of 

throttle deflection, throttle area, gas generator and fuel mass rate are shown in figure 6.10, 6.11, 

6.12 and 6.13.  
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6.5.2  Missile-Target Engagement at 5.0km Altitude 

         At this altitude a similar type of engagement is simulated to validate fuel flow controller 

performance with the dynamic pressure comparably lower than 0.5km altitude. So, here again the 

target can manoeuvre to the best of its capability for escaping. Missile guidance generates lateral 

acceleration while autopilot executes lateral acceleration when generating angle of attack. 

However, to maintain the same missile velocity, fuel flow controller generates additional fuel 

mass rate. The performances of the missile and fuel flow controller are given below. 

 

 

 

Figure-6.14: 6-DOF simulation result of missile-target engagement scenario at 5.0km altitude 
with manoeuvring target in pitch up plane 
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Figure-6.15: Requirement of angle of attack in different phases of trajectory at 5.0km 
engagement scenario 

 

Figure-6.16: Missile Mach number (velocity) at different phases of trajectory at 5.0km altitude 
engagement by solid ramjet engine propulsion through fuel flow controller  

0 5 10 15 20 25 30

Time in sec

-5

0

5

10

15

A
n

gl
e 

o
f 

at
ta

ck
 i

n
 d

eg

0 5 10 15 20 25 30

Time in sec

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

M
ac

h
 n

u
m

b
er



 
 
Chapter 6                                                                           Fuel flow controller performance validation on 6-DOF 
 

86 
 

 

Figure-6.17: Requirement of throttle valve deflection generated by fuel flow controller for 
different phases of trajectory at 5.0km engagement scenario 

 

 

Figure-6.18: Throttle valve area profile of solid ramjet engine by changing deflection angle 
through fuel flow actuator for different phases of trajectory at 5.0km engagement scenario 
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Figure-6.19: Gas generator pressure profile of solid ramjet engine by changing throttle valve area 
for different phases of trajectory at 5.0km engagement scenario 

 

 

Figure-6.20: Achieved fuel mass rate profile of solid ramjet engine by changing gas generator 
pressure to produce thrust meeting missile velocity for different phases of trajectory at 5.0km 

engagement scenario 
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Discussion of Simulation Results: 

        Figure 6.14 shows that the air-to-air missile is launched from aircraft at 5.0km altitude 

against the target which is also flying at the same altitude. The target starts manoeuvring in pitch 

up plane to escape from the missile. The missile autopilot generated corresponding angle of 

attack as shown in figure 6.15. With this high angle of attack, Mach number does not change at 

the end phase of the trajectory due to prompt action taken by fuel flow controller as shown in 

figure 6.16. The miss-distance of this engagement is also within warhead vicinity. Internal 

parameters of throttle deflection, throttle area, gas generator and fuel mass rate are shown in 

figure 6.17, 6.18, 6.19 and 6.20. 

 

 

6.5.3  Missile-Target Engagement at 10.0km Altitude 

    In this altitude, non-manoeuvring and manoeuvring target engagement case was evaluated to 

validate fuel flow controller performance. It is clearly be seen that to maintain missile velocity 

with and without angle of attack, prompt action is taken by the fuel flow controller. The 

performances of missile and fuel flow controller are given below. 

 

Figure-6.21: 6-DOF simulation result of missile-target engagement scenario at 10.0km altitude 
with non-manoeuvring target 
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Figure-6.22: Requirement of angle of attack in different phases of trajectory at 10.0km 
engagement scenario 

 

 

Figure-6.23: Missile Mach number (velocity) at different phases of trajectory at 10.0km altitude 
engagement by solid ramjet engine propulsion through fuel flow controller  
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Figure-6.24: Requirement of throttle valve deflection generated by fuel flow controller for 
different phases of trajectory at 10.0km engagement scenario 

 

 

Figure-6.25: Throttle valve area profile of solid ramjet engine by changing deflection angle 
through fuel flow actuator for different phases of trajectory at 10.0km engagement scenario 
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Figure-6.26: Gas generator pressure profile of solid ramjet engine by changing throttle valve area 
for different phases of trajectory at 10.0km engagement scenario 

 

Figure-6.27: Achieved fuel mass rate profile of solid ramjet engine by changing gas generator 
pressure to produce thrust meeting missile velocity for different phases of trajectory at 10.0km 

engagement scenario 
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Manoeuvring case 

 

Figure-6.28: 6-DOF simulation result of missile-target engagement scenario at 10.0km altitude 
with manoeuvring target in pitch up plane 

 

Figure-6.29: Requirement of angle of attack in different phase of trajectory at 10.0km 
engagement scenario 
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Figure-6.30: Missile Mach number (velocity) at different phases of trajectory at 10.0km altitude 
engagement by solid ramjet engine propulsion through fuel flow controller  

 

 

Figure-6.31: Requirement of throttle valve deflection generated by fuel flow controller for 
different phases of trajectory at 10.0km engagement scenario 
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Figure-6.32: Throttle valve area profile of solid ramjet engine by changing deflection angle 
through fuel flow actuator for different phases of trajectory at 10.0km engagement scenario 

 

Figure-6.33: Gas generator pressure profile of solid ramjet engine by changing throttle valve area 
for different phase of trajectory at 10.0km engagement scenario 
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Figure-6.34: Achieved fuel mass rate profile of solid ramjet engine by changing gas generator 
pressure to produce thrust meeting missile velocity for different phases of trajectory at 10.0km 

engagement scenario 
 

Discussion of Simulation Results: 

        Figure 6.21 and 6.28 show that the air-to-air missile was launched from an aircraft at an 

altitude of 10.0km against non-manoeuvring and manoeuvring target which was also flying at the 

same altitude. The missile autopilot generated the corresponding angle of attack for both 

trajectories as shown in figure 6.22 and 6.29. Mach number did not change at the end phase of 

both trajectories due to prompt action taken by fuel flow controller as shown in figure 6.23 and 

figure 6.30. The miss-distance of these engagements was also within the required range. Internal 

parameters of throttle deflection, throttle area, gas generator and fuel mass rate are shown in 

figure 6.24 to 6.27 and figure 6.31 to 6.34 of ramjet engine for both the trajectories. The 

fluctuation in ramjet engine parameters at the end also show that the performance of the third 

loop to maintain back pressure margin for stable operation of intake was adequate. 
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6.5.4  Missile-Target Engagement at 15.0km Altitude 

        At this altitude, a similar type of engagement was simulated to validate fuel flow controller 

performance. The dynamic pressure was comparatively lower at this altitude; the speed of 

response of fuel flow controller was higher. The dynamic behaviour of missile was also slower at 

this altitude. Fuel flow controller needs to generate additional fuel mass rate for meeting the 

above changes accordingly. The performances of the missile and fuel flow controller is given 

below. 

 

 

Figure-6.35: 6-DOF simulation result of missile-target engagement scenario at 15.0km altitude 
with manoeuvring target in pitch up plane 
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Figure-6.36: Requirement of angle of attack in different phases of trajectory at 15.0km 
engagement scenario 

 

Figure-6.37: Missile Mach number (velocity) at different phases of trajectory at 15.0km altitude 
engagement by solid ramjet engine propulsion through fuel flow controller  
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Figure-6.38: Requirement of throttle valve deflection generated by fuel flow controller for 
different phases of trajectory at 15.0km engagement scenario 

 

Figure-6.39: Throttle valve area profile of solid ramjet engine by changing deflection angle 
through fuel flow actuator for different phases of trajectory at 15.0km engagement scenario 
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Figure-6.40: Gas generator pressure profile of solid ramjet engine by changing throttle valve area 
for different phases of trajectory at 15.0km engagement scenario 

 

Figure-6.41: Achieved fuel mass rate profile of solid ramjet engine by changing gas generator 
pressure to produce thrust meeting missile velocity for different phases of trajectory at 15.0km 

engagement scenario 
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Discussion of Simulation Results: 

        Figure 6.35 shows that the air-to-air missile was launched from aircraft at 15.0km altitude 

against the target which was also flying in same altitude. A target starts manoeuvring in pitch up 

plane to escape from the missile. The missile autopilot generated corresponding angle of attack as 

shown in figure 6.36. With this high angle of attack, Mach number was not changed at the end 

phase of trajectory due to action taken by fuel flow controller as shown in figure 6.37. The miss-

distance of this engagement was also within requirement. Internal parameters of throttle 

deflection, throttle area, gas generator and fuel mass rate are shown in figure 6.38, 6.39, 6.40 and 

6.41. 

 

 

6.5.5  Missile-Target Engagement at Varying Altitude (Snap Down condition) 

      In this engagement scenario, varying altitude trajectory was simulated to validate fuel flow 

controller requirements that were dynamically changing with respect to altitude and dynamic 

pressure.  The performances of missile and fuel flow controller are given below. 

                          

Figure-6.42: 6-DOF simulation result of missile-target varying altitude engagement scenario 
(Snap down condition) from 10.0km to 0.5km altitude with non-manoeuvring target 
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Figure-6.43: Requirement of angle of attack in different phases of trajectory at varying altitude 
engagement scenario (Snap down condition) from 10.0km to 0.5km altitude 

 

 

Figure-6.44: Missile Mach number (velocity) at different phases of trajectory at varying altitude 
engagement scenario (Snap down condition) from 10.0km to 0.5km altitude by solid ramjet 

engine propulsion through fuel flow controller  
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Figure-6.45: Requirement of throttle valve deflection generated by fuel flow controller for 
different phases of trajectory at varying altitude engagement scenario (Snap down condition) 

from 10.0km to 0.5km altitude 

 

Figure-6.46: Throttle valve area profile of solid ramjet engine by changing deflection angle 
through fuel flow actuator for different phases of trajectory at varying altitude engagement 

scenario (Snap down condition) from 10.0km to 0.5km altitude 

0 10 20 30 40 50

Time in sec

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

N
o

rm
a

li
ze

d
 T

h
ro

tt
le

 v
a

lv
e 

d
ef

le
ct

io
n

N
or

m
al

iz
ed

 T
h

ro
tt

le
 v

al
v

e 
ar

ea



 
 
Chapter 6                                                                           Fuel flow controller performance validation on 6-DOF 
 

103 
 

 

Figure-6.47: Gas generator pressure profile of solid ramjet engine by changing throttle valve area 
for different phases of trajectory at varying altitude engagement scenario (Snap down condition) 

from 10.0km to 0.5km altitude 

 

Figure-6.48: Achieved fuel mass rate profile of solid ramjet engine by changing gas generator 
pressure to produce thrust meeting missile velocity for different phases of trajectory at varying 

altitude engagement scenario (Snap down condition) from 10.0km to 0.5km altitude 
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Discussion of Simulation Results: 

        Figure 6.42 shows that the air-to-air missile was launched from an aircraft at 10.0km altitude 

against the target which was also flying at 0.5km altitude. Angle of attack requirement kept 

changing throughout the trajectory as shown in figure 6.43. Mach number did not change 

throughout the trajectory due to dynamic action taken by fuel flow controller as shown in figure 

6.44. The miss-distance of this engagement was low and within limits. Internal parameters of 

throttle deflection, throttle area, gas generator and fuel mass rate are shown in figure 6.45, 6.46, 

6.47 and 6.48. 

 

 

6.6   Fuel Flow Controller Robustness (Stability) studied in Closed Loop 

      In classical linear controller, different gains are scheduled for different operating conditions 

to get the desired response at different Mach number and angle of attack. In nonlinear controller, 

desired dynamics were imposed on all loops based on operating conditions like angle of attack, 

Mach number and altitude. The same dynamics is not possible at every operating condition 

because the response of gas generator is different at different operating conditions. So, the fuel 

flow controller design of the outer loop dynamics was chosen as a function of above mentioned 

parameters and the desired dynamics for gas generator loop was chosen for second order 

dynamics, which is defined by bandwidth  and damping .  Stability of fuel flow controller was 

checked inserting jwKe   gain-phase offset criteria at fuel flow actuator input point and at gas 

generator pressure feedback point. Typically, gain offset Vs phase offset curve looks like the one 

shown in figure 6.49, where gain offset is obtained by perturbing computed deflection of fuel 

flow actuator by introducing gain variation and phase.  
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Figure-6.49: Gain-phase offset for loop criteria with plant perturbation  

 

  So, the above points A, B, C, D as shown in figure 6.49, gain offset are: 
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 
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            It is found that the fuel flow controller minimum phase margin in closed simulation in 6-

DOF is always more then 30 for all above trajectories from 0.5km to 15km with aerodynamics 

parameter perturbation of (±10.0%), inertial perturbation of (±1.0%) and gas generator propellant 

perturbation of (±0.5%).  
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6.7  Monte-Carlo simulation results and analysis 

     Monte-Carlo simulation was carried out to evaluate the performance of fuel flow controller in 

overall performance of air-to-air missile considering aerodynamics perturbation and inertial 

parameters uncertainty. It was observed that each sub-system take inputs from other sub-systems 

and provides output to other sub-systems too. So, in Monte-Carlo simulation when the 

parameters are perturbed, missile dynamic behaviour  affects the basic input parameter to fuel 

flow controller for ramjet engine performance. Under this one typical air-to-air missile 

engagement scenario has been simulation with a manoeuvring target. The outcome of ramjet 

engine with fuel flow controller impact the performance of guidance demand and angle of attack 

of missile as shown in figure 6.50. So miss-distance as end result is shown in figure 6.51 to show 

how air-to-air missile with the designed controller are able to satisfy the trajectory requirement..   

 

 

 

Figure-6.50: Angle-of-attack at each runs of 6-DOF simulation for different missile perturbations 
and parameters uncertainties in Monte-Carlo simulation with manoeuvring aerial target   
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Figure-6.51: Miss-Distance performance at each runs of 6-DOF simulation along with fuel flow 
controller for different missile perturbations and parameters uncertainties in Monte-Carlo 

simulation with manoeuvring aerial target   
 

6.8  Summary 

        In this chapter, air-to-air missile engagement scenario and operational mission sequence 

requirements have been brought out against the target. The operation and role of fuel flow 

controller for different mission phase are presented.  Furthermore, the six-degrees-of-freedom (6-

DOF) model where all sub-systems including guidance, autopilot and its interaction along with 

fuel flow controlled for trajectory has been also presented. The performance of fuel flow 

controller was tested at 0.5km, 5km, 10km, 15km engagement and a snap down condition in 

which altitude and Mach number was varying in trajectory. In all the above engagements, the 

performance of air-to-air missile was satisfactory and miss-distance was within the stipulated 

limits. It was also found that the miss-distance is within the requirement under missile 

perturbations and uncertainties in Monte-Carlo simulation. Hence, the proposed three loop 

structure based fuel flow controller can be used for any type of air-to-air missile against an aerial 

target which is based on solid fuel ramjet propulsion system.    
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Chapter 7 

Conclusions 

 

7.1   Introduction 

 
       In this thesis, a nonlinear dynamic inversion based fuel flow controller has been designed for 

solid fuel ramjet propulsion for air-to-air tactical missile applications. An efficient performance of 

ramjet propulsion was ensured through two loop fuel flow controller meeting the missile guidance 

and autopilot requirement to ensure desirable miss-distance performance with aerial target. 

Furthermore, stable performance of ramjet propulsion was investigated through three loop 

structure based fuel flow controller ensuring air intake performance for ramjet operation in the 

presence of disturbances. This chapter presents in brief the significance of the design proposed 

in this thesis while also discussing future extension of the proposed work. 

 

7.2   Conclusion 

        The following conclusions have been arrived at from research carried out and reported in 

previous chapters. 

1. The study developed a mathematical model of the ramjet engine keeping in mind angle of 

attack for more efficient design of fuel flow controller. 

 Ramjet system is a dynamic system and its performance depends on aerodynamic 

configuration and operating conditions of missile like altitude, Mach number and 

angle of attack.  

 Without considering angle of attack for ramjet model, the design of fuel flow 

controller to produce thrust force, is not adequate to meet velocity requirements in the 

presence of missile manoeuvring. This design may be important for testing and 

stabilising the ramjet technology on ground. 
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 When considering angle of attack in ramjet model, the design of fuel flow controller 

provided the required thrust which have been presented and shown in various 

engagement scenarios from sea-level to 15km altitude with missile manoeuvring. 

2. The design specifications of fuel flow controller have been brought out as a function of 

altitude and Mach number to meet the guidance loop requirement of air-to-air missile flight 

trajectory at different altitudes. 

 The rate of generating angle of attack, while the missile do manoeuvres, is a function 

of altitude and Mach number. This affects the missile velocity and deteriorates overall 

performance. 

 Missile proportional navigation guidance and autopilot generate and execute lateral 

acceleration demand as a function of altitude and Mach number to ensure meeting the 

miss-distance requirement. So, fuel flow controller speed of response was evaluated to 

meet the guidance loop design requirement of missile as a function of altitude and 

Mach number.  

 Modelling of guidance loop was carried out for different time constant as a function of 

altitude to bring out the specifications of fuel flow controller. 

 To meet the fuel flow controller speed of response (Bandwidth), the fuel flow actuator 

specification was generated based on loop separation theory. 

3. Two loop fuel flow controller based on nonlinear dynamic inversion technique were designed 

to meet the specification as a function of altitude, Mach number and angle of attack.  

 To meet the guidance loop time constant specification, two loop formulations were 

carried out, Mach number as outer loop and gas generator pressure as inner loop. 

Outer loop design relation generates the requirement of inner loop while meeting the 

guidance loop specification as a function of altitude. Further, the inner loop design 

relation generates the requirement of throttle area.  

 The dynamic of gas generator along with aerodynamics is nonlinear in nature. Gas 

generator dynamic (Inner loop) is faster than Mach number dynamic (Outer loop). So, 

time scale separation exists in the dynamic system.  

 To obtain the desired fastness and accuracy, nonlinear dynamic inversion technique 

was adopted. It can be achieved by inverting the governing equations of individual 

dynamics based on measured state and input command.  
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 Operation of air-to-air missile can vary from low altitude to high altitude. So, step by 

step relation of outer and inner loop has ensured control gain of fuel flow controller as 

a function of altitude, Mach number and missile parameters to meet the design 

requirement.  

 Performance of fuel flow controller was presented at different Mach number condition 

to show design efficiency. 

4. Three loop structure based fuel flow controller designed for stable operation of ramjet engine. 

 The performance of air intake play a crucial role to provide adequate air mass flow 

rate in combustion chamber for producing the thrust. The compression of atmospheric 

air happens due to terminal shock formation inside the air intake duct. Terminal shock 

location is stable if back pressure (combustion chamber pressure) margin is within the 

band. Any disturbance beyond the band creates intake instability like un-start and 

buzz. 

 Buzz modeling was carried out to find oscillatory behavior as a function of altitude 

and Mach number. 

 An innovative three loop structure based fuel flow controller was proposed using feed 

forward dynamic inversion to protect pressure margin of intake in the presence of 

disturbance.  

 Performance of third loop presented with intake buzz and its impact on other 

parameters were brought out. 

5. Design of fuel flow controller has been validated in six-degrees-of-freedom simulation 

platform of missile with guidance and autopilot. Air-to-Air missile performance has been 

presented at different engagement scenarios from sea-level (0.5km), 5.0km, 10km, 15km 

altitude and snap down condition (varying altitude) along with non-manoeuvring and  

manoeuvring aerial targets and overall missile performance like miss-distance was ensured 

within the desired limit.  Stability margin of fuel flow controller was evaluated in closed loop 

while introducing gain and delay. Monte-Carlo simulation was carried out under different 

types of perturbation to bring out miss-distance performance of missile with fuel flow 

controller. It shows that the fuel flow controller design is efficient and stable. 
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6.  Hence, the proposed fuel flow controller design can be used for all types of air-to-air missile 

or surface-to-air missile against an aerial target which is based on solid ramjet propulsion 

system. 

 

7.3  Scope for Future Research 

          In gas generator, the Solid fuel get burnt and converts into gaseous form. The fuel 

gases needs to be flown from gas generator to combustion chamber through the throat valve 

produce thrust. Due to high temperature and pressure, the gases fuel can ablate the throat or 

deposition on throat which makes it very hard to control the required fuel flow rate due to 

change in throat area characteristics. So, this type of problem can be solved by conducting a 

huge number of ramjet engine tests at different conditions and further this data may be used 

for improving the ramjet engine characteristics.  
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Appendix 

 

1- Proportional Navigation (PN) Guidance of Missile 
 
In PN guidance, the acceleration command can be written as: 

                                   

.
' ( .1.1)D CF N V A  

where N’ is navigation constant , VC is closing velocity and
.

  is line of sight (LOS)  rate. These 

commands are perpendicular to the instantaneous line of sight (LOS) vector. But usually the 

control action is present in body frame or any of the body fixed frame. So one practical way is to 

resolve this demand into the body fixed frame, and subsequently use it for control defection 

calculation by autopilot. But the axial component of the demand cannot be achieved as control 

action is not present in missile longitudinal direction. The missile has only lateral correction 

mechanism, but not longitudinal. Hence the guidance demand in LOS frame cannot be achieved 

fully. 

The other way to handle this situation is formulating an implicit way of achieving the guidance 

demand. Going back to the guidance objective, the lateral acceleration demand perpendicular to 

line of sight (LOS)  needs to be achieved for successful interception of the target. Any lateral 

acceleration pulled in the direction of LOS will only make the interception delayed or quicker. 

Proportional navigation guidance scheme exploits this feature. In Proportional navigation 

guidance compensation, the axial acceleration of the missile is considered and a lateral 

acceleration demand along LOS is introduced. 

Let 2LOS BodyT be the transformation matrix from LOS frame to Body frame and 

 0
T

LOS Y ZA A A  the lateral demand computed by Proportional navigation guidance law. 

Then: 

                    

11 12 13

2 21 22 23

31 32 33

( .1.2)LOS body

T T T

T T T T A

T T T

 
   
  
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Let AX be an extra demand in the direction of LOS and the resultant demand in body frame be

T

body x y za a a a    , we have;
                             

 

                                  2 ( .1.3)dBody LOS Body dLOSa T A A   

                               

11 12 13 ( .1.4)X X Y Za T A T A T A A    

aX is the missile forward acceleration and is measured using the onboard INS. So from the above 

equation, AX is computed. 

                                          

12 13

11

( .1.5)X Y Z
X

a T A T A
A A

T

 


 

Now this new combination of lateral acceleration demand  
T

LOS X Y ZA A A A in LOS frame 

will attribute to exact realization of demand perpendicular to LOS. Further mathematics can be 

done to prove that the new combination of lateral acceleration demand in LOS frame when 

realized in body frame will attribute to two of the perpendicular to LOS components of the lateral 

acceleration demand achieved exactly. 

 

 

2-Nonlinear Dynamic Inversion  based Missile Autopilot 
 
        Nonlinear Dynamic Inversion (NDI) based missile autopilot has been presented in this 

section. There is a need for realizing the lateral acceleration demands in pitch and yaw plane from 

the guidance loop for autopilot design. For this purpose, nonlinear dynamic inversion technique 

is used, the details of which are discussed. The dynamic inversion control design approach 

presented here exploits the time scale separation that inherently exists in missile dynamics in 

body rate and acceleration. Thus, each time scale separated dynamic can be controlled by the 

feedback liberalization technique. That is, the outer loop inversion controller uses the states of the 

fast dynamics (body rate) to control those of slow dynamics (acceleration), and the inner loop 

inversion controller uses the control fin deflections to control the states of fast dynamics. In this 
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approach, body rate states p, q, r are identified as fast dynamic responses while α, β and  are 

characterized as slow state variables as shown in figure A.1. 

 
The body rates p, q, r strongly depend on the fin deflections movement. Thus to start with a fast 

state controller, p, q, r were designed. Having designed a fast-state controller, a separate, 

approximate inversion procedure was carried out to design the slow state controller α, β and  . It 

may be noted that, such a model reduction was possible as there was significant difference in the 

time scale between the fast and slow state in the open loop dynamic of the tactical air-to-air 

missile. 

 

Figure-A.1: Representation of Missile Autopilot Block diagram 
 

Outer Loop Design (Lateral Acceleration) 

      The outer loop (lateral acceleration) generates the pitch and yaw plane body rates, which are 

inputs to the inner loop to generate fin deflection. Towards this objective, first the commanded 

rate of the lateral acceleration in pitch za and yaw ya  directions are written as: 

                                        

 
 

.

.
( .2.1)

c c

c
c

Z z z

y yy

a aa
A

a aa









   
   
       

 

Where,  > 0 and   > 0 are the outer loop gains in pitch and yaw plane. Next, assuming za and 

ya to be primary functions of α and β respectively, 
.

za  and 
.

ya be written as: 
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.

.
( .2.2)

z

z

y
y

a

a
A

a
a







 
      
   
     

 

Hence, once 
.

cza  and
.

cya are known, these can be converted to 
.

c  and
.

c as follows: 

 

                                             

.

.

.. ( .2.3)

c

c

z

zc

c
y

y

a
a

A

a
a







 
 

    
          

 
 

 

 

Where, 
za




and 

ya




 are defined by 

 

                                                        

( .2.4)
Nz

y y

m

QSCa
A

m

a QSC









  
      
  
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Once 
.

c  and
.

c are known, c  and c  above equations can be inverted to obtain the demanded 

body rates qc and rc respectively. Simultaneously, to stabilize the roll dynamics, defining gain pc 

> 0, an appropriate pc is also generated. The results are then combined to obtained commanded 

body rates as 

   

 

0

.
2

.

2

1 1
cos sin sin 0.5 ( .2.5)
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
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     

     


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Inner Loop Design 

        This loop generates the necessary fin deflections to track the desired body rates. Here a 

second order dynamics is considered for the desired dynamics, which is given by: 

                             

 

 

 

.
2

.
2

.
2

2

2 ( .2.6)

2

c p p p c

c q q q c

r r r cc

p p p p

q q q q A

r r rr
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  

                          






 

Where, ,p q rand    are the desired natural frequencies for the roll, pitch and yaw channels 

respectively. Similarly, p, q and r are the desired damping ratios of roll, pitch and yaw 

channels respectively. 

Once, 
.

cp , 
.

cq and 
.

cr   are known, the rate equations in Eq. can be inverted to obtain fin 

deflections in roll ( p ), pitch ( q ) and yaw ( r ), which can be written as: 
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Where,  ,
c c cl m nC C and C are the necessary aerodynamic coefficients, which can be written as: 
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