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1.	 Introduction
The primary objective of any launch vehicle is to deliver 

the Payload to the desired target within the given tolerance 
bounds. Since the first use of ballistic missile in 1940’s, a lot of 
innovation has gone in the development of more sophisticated 
guidance, control, navigation algorithm’s to enhance the 
range, accuracy, reliability, etc., In view of the current 
working scenario there is a demand for the maneuver during 
flight (trajectory reshaping) such that the mission objectives 
are achieved without any compromise on the mission end 
objective. A typical in-flight mid-course maneuver scenario 
is shown in Fig. 1, where the trajectory in blue color is the 
one which is going to be followed by the vehicle if there is no 
intentional maneuver (non-maneuvering) is executed on board 

and the trajectory in green color is the intentional maneuver 
trajectory which is hard to predict as compared to the non-
maneuvering trajectory.

A reentry vehicle approaches at a very high velocity, 
typical velocities varying from 5 Km/s - 7 Km/s based on the 
selected trajectory, downrange, guidance mechanism employed 
in the design procedure1. But with growth of computing power, 
more powerful and reliable estimation (prediction) and filtering 
techniques are available today by virtue of which it is possible 
to predict the trajectory of the reentry vehicle well ahead and 
take some advance corrective measures.

Optimization based trajectory planning and tracking the 
reference trajectory using dynamic inversion guidance laws are 
proposed by Ran2, et al. In the paper the author describes the re-
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Figure 1. Normalized trajectory of a non-maneuvering and maneuver vehicle.

 N
or

m
al

iz
ed

 A
lti

tu
de

 Normalized Downrange

346



Chander & MuraLikrishna: ReaL Time Mid-courseManeuver and Guidance oF a Generic ReentrY VehicLe

347

entry vehicle trajectory planning and guidance by considering 
the path constraints like aerodynamics heating, aerodynamic 
load, etc., in r-V plane with an aero assisted configuration.
Gao Changsheng3, et al. describes a virtual displacement 
concept based reentry vehicle guidance using optimization 
technique and LQG based tracking of the reference trajectory. 
Page &  Rogers4 summarizes a few investigations carried out 
in guidance and control of maneuvering reentry vehicles by 
considering cross-product, proportional and tangent cubic 
guidance mechanisms having cruciform, bank to turn and fixed 
trim control configurations.

Explicit re-entry guidance equations for maneuvering re-
entry vehicles (MaRVs) using characteristic curve approach 
is developed Cameron5. While formulating the guidance it 
is ensured that terminal trajectory constraints on path angles 
and lift acceleration and its derivatives are achieved. Variable 
gain vector guidance equations are established by forcing 
terminal equation structure to be similar to the characteristic 
curve equations. But the study doesn’t consider the limitation 
on aerodynamic capability, maximum acceleration limit nor 
did an energy management requirement and it assume that this 
type of characteristic curve calls for less acceleration for large 
range to go than that for small range to go.

A practically implementable algorithm described in the 
current paper describes methodology to execute the in-flight 
determined maneuver of the vehicle and to guide the vehicle in 
the ascent phase to its predetermined target accurately with in 
the desired tolerance bounds. The basis of the current approach 
relies on the capability of simulating the real time scenario of 
the vehicle dynamics in the background simulation from the 
burnout point6,7 to the desired target point.

2.	 Design Methodology
Most of the classical launch vehicle guidance algorithms 

rely on required velocity vector concept8, which acts as basis 
for hit equation6 to be solved in order to reach the desired target. 
Once this required velocity vector is calculated, the desired 
burnout position and burnout flight path angle are determined9. 
The innovative underlying concept of the proposed algorithm 
is performing an in-flight defined maneuver during the mid-
course (after apogee i.e., decent phase) by keeping in view of 
the payload capabilities.

The duration of maneuver can be decided based on 
temporal or spatial means. If the duration of maneuver is based 
on time then the maneuver will be open loop form, because the 
time of flight of the vehicle will vary based on the propulsion 
characteristics, range, burnout conditions. If the duration of 
maneuver is a function of altitude/range then the maneuver will 
be in closed form, because the aim of the payload to impact 
the desired coordinates at the predefined altitude, irrespective 
of time. The predetermined maneuver can be any realizable 
function like sinusoidal, pulse, triangular, exponential, etc. as 
shown in Fig. 2. If the maneuver is of sinusoidal the variable 
parameters are maneuver amplitude and frequency, if the 
maneuver is pulse then the variable parameter is the pulse 
amplitude and if the maneuver is exponential then the variable 
parameter is the decay or rise slope of the maneuver.  Maneuver 
can be executed by a variable or fixed thruster at center of 
gravity or close to center of gravity. Generic representation of 
the maneuver function is given below:

Z=F (a, f, y)					            (1)
where

Z = Maneuver function
a = Amplitude of the considered maneuver function
f = Frequency of the considered maneuver function
y = Independent variable (time, altitude, downrange)               
Values of the a & f are decided by the vehicle propulsive 

capability and the extent of dispersion planned and selection 

Figure 2.  Predetermined maneuver functions as a function of normalized time and altitude.
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of maneuver function can be random in selection but definite 
once selected. Once the determined maneuver initiation point, 
duration and the maneuver function is finalized, initiate the 
background simulation from the burnout point to the target. 
During the simulation, initiate the determined maneuver from 
the determined initiation point up to maneuver duration point 
(time, altitude).  With this maneuver, compute the difference 
in the desired and achieved latitude and longitude at the impact 
point. Augment the ascent phase target coordinates with the 
above computed difference values in latitude and longitude and 
solve the hit equation (initiate the ascent phase guidance) with 
this augmented coordinates and repeat the above procedure 
till convergence criteria is met. Because of the mid-course 
maneuver there will be a change in the guidance solution 
(burnout conditions) to reach the desired target, which can 
be seen as the perturbation on the initial solution as shown 
below7.

( ) ( )( )0
2

sin1 cos
sin sin

r
a

γ − f + ∆f− f + ∆f
= +

λ γ γ 	         
(2)

where
r0 = (a+h) = missile position from the center of the earth
a = equatorial radius (m), h = vehicle altitude from the 

surface of the earth
2

0r v
GM

λ =  G = Universal gravitational constant  
φ= range angle γ = flight path angle at burn out
∆f = Augmented range angle corresponding to change in 

final coordinates 
The steps involved in the proposed algorithm are given 

below:
(i)	 With the desired burnout state vector as the initial 

states, simulate the vehicle trajectory up to the desired 
predetermined altitude, from where determined maneuver 
is planned.

(ii)	F rom predetermined altitude start of maneuver to 
the termination of the maneuver, superimpose a 
predetermined pseudo random maneuver (varying 
amplitude and frequency with altitude as the reference) to 
the actual attitude. During this maneuver period, activate 
thruster provided in the payload (typically called velocity 
package10) or side thrusters located at the center of gravity 
(if known accurately) can be used.

(iii)	 Once the predetermined attitude maneuver period 
completed, deactivate the thruster and simulate the vehicle 
trajectory up to the impact point. Note the achieved 
latitude and longitude.

(iv)	F ind the difference between the desired and achieved 
latitude and longitude, and augment the desired coordinates 
with this difference values.

(v)	 Repeat the steps from I to IV till the difference between 
the desired and achieved latitude and longitude lie within 
the desired tolerance bounds.

3.	 Mathematical Modelling of the 
payload vehicle
For the current work a standard nonlinear 6DoF 

mathematical model with 3 forces and 3 moments is 

considered11. In order to make the simulation more realistic 
a nonlinear aerodynamic model is considered, where the 
drag and aerodynamic forces are modeled as the functions of 
altitude, angle of attack and Mach number. The earth shape and 
rotational effects12 are included in the simulation as the time of 
travel is variable which, if not accounted correctly, leads to tens 
of kilometers range errors13. A universal earth gravity model 
up to J214 term is considered to take care of earth gravitational 
effects, which is a function of colatitude and altitude.

Reentry atmospheric effects play a significant role during 
reentry, as the velocity with which the vehicle reenters is very 
high, in order to take care of this unwanted aerodynamic effects 
because of atmosphere, a more elaborate atmospheric model15 
is considered for simulation. In order to take care of wind 
effects during the reentry phase, a realistic wind model16 is 
considered for studies. To assess the performance accurately a 
realistic inertial navigation model17 is included in the simulation 
taking care of real time hardware features (accelerometer for 
acceleration, gyroscope for rate). A nonlinear reaction control 
system and liquid velocity package models are considered for 
the simulation studies.
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where u, v, w and p, q, r are translation and rotational 
components. Tfx, Tfy, Tfz and Afy, Afz are thrust and aerodynamic 
force components. Dfx is the drag force action along the body 
axial direction. m is the mass of the pay load, gx, gy, gz are 
the gravitational components, and Mx, My, Mz and Ix, Iy, Iz are 
moment and inertia components respectively 

For the present study, a 2 stage solid propelled launch 
vehicle with flex nozzle actuated control system is considered. 
Once the solid propelled stages are separated after propellent 
got consumed, the payload is controlled by using a reaction 
control system powered by liquid thrusters, enabling the 
flexibility of switching on and off  when desired. During the 
ascent phase the vehicle follows a preprogrammed attitude 
turn keeping in view the  initial constraints like structural load 
&control limitation, etc., Once the vehicle attains the desired 
relaxed conditions usually out of atmosphere, an explicit closed 
loop guidance8 will guide and place the vehicle at burnout on 
a desired ellipse (function of  burnout position, velocity, flight 
path angle &earth rotation rate compensated desired target 
position), by virtue of which the vehicles reaches the desired 
target. With these desired burnout state vector, a back ground 
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6DoF algorithm is initiated iteratively by using the proposed 
algorithm, till the 6DoF achieved impact latitude and longitude 
coincides with the desired one’s as per the specified tolerance 
bounds.

4.	 Simulation Results
To validate  the proposed algorithm, different burnout 

conditions are considered for a given target as shown in Table 
1. For the study a sinusoid (quaternion18) with an amplitude 
and frequency of 0.0001 Hz and 0.15 Hz is considered for 
determined attitude maneuver. Here it should be noted that 

the maneuver activation is based on altitude not on time, since 
the trajectory varies with burnout conditions and the guidance 
problem considered for simulation is a free time problem (i.e., 
the aim is to reach the target without any constraint on the time 
of flight). The input amplitude and frequency are same for all 
the three cases considered for simulation, but the trajectory 
parameters vary based on burnout conditions i.e., velocity, 
position, flight path angle, etc.

The thrust force can be provided by a small propulsion 
package with respect to altitude. During maneuver phase, a 
thruster with constant thrust force of 20 KN is considered. Once 

Case

State vector at the start of 
proposed algorithm (flight 
path angle, velocity & 
position)

Desired terminal 
conditions
tolerence bound 

0.01oζ ≤  (deg)

Achieved terminal conditions 
(without mid-course maneuver 
deception algorithm) deception 
trajectory (pseduo target) (deg)

Achieved terminal conditions 
(with mid-course maneuver 
deception algorithm) actual  
trajectory (actual target) (deg)

γBO 
(D)

VBO 
(m/s)

PBO 
(m) Latitude  Longitude Latitude  Longitude Latitude  Longitude

1 13.85 4658 6514670
41.488637 87.088686 41.366969 87.115274 41.482585 87.090507

(Desired -Achieved)  
Latitude & Longitude

0.121668 -0.026588 0.006051 -0.001821

2 16.07 4492 6519650

41.488637 87.088686 41.367018 87.111770 41.480964 87.088383

(Desired -Achieved)     
Latitude & Longitude

0.121619 -0.023084 0.007672 0.000303

3 13.55 4612 6526009
41.488637 87.088686 41.395181 87.115627 41.496412 87.089302

(Desired -Achieved)    
Latitude & Longitude

0.093455 -0.026941 -0.007775 -0.000616

Table 1. Different burnout conditions are considered for a given target

Figure 3. Case 1 Altitude vs latitude and longitude trajectory.
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Note: The trajectory (final achieved coordinates) is sensitive to the burnout conditions and the band for burnout conditions considered for the 
simulation is selected considering some variations of solid propulsion.
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the maneuver period is completed the thruster gets deactivated 
and the vehicle follows the ballistic path there after.

The execution of the determined maneuver for case 1 
is shown in Fig. 3. The trajectory shown in blue color is the 
one which is generated by the payload  without any deception 
maneuver and the green one is the one which is generated by 
the payload with a predetermined maneuver execution. From 
the Fig. 3 it is evident that the deception maneuver started at 
150 km with a  deviation from the predicted trajectory (blue 
trajectory). The trajectory shown in red colour is the background 
6DoF trajectory which provides the reference for real time 
deception trajectory (green trajectory). The background and 
real time trajectory are in tight agreement because of which 
it is not possible to see the difference between red and green 
trajectory in the figure(s). Finally the realtime trajectory 

achieve’s the desired latitude and longitude with in the given 
tolerance bounds. Figure 4 shows the altitude variation for 
with and without maneuver with respect to time. From the 
data markings in the figure, it is clear that the difference in 
the altitude between the non maneuvering and maneuvering 
trajectory is varying from 0 km to 9 km  from 150 km altitude 
point to impact point. This magnitude can be increased by an 
additional impulse in the maneuvering vehicle.

The working of the algorithm for case 2 and case 3 are 
shown in Figs 5 and 6. Figures 5 and 6 shows the latitude and 
longitude variation with respect to altitude and it is clear from 
this figures that the algorithm drives the payload towards the 
desired target from the start of the deception point. 

The robustness of the proposed algorithm under model 
uncertainty is studied by perturbing the wind, atmosphere 

Figure 4. Case 1 : Time vs altitude. 
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Figure 5. Case 2 : Altitude vs latitude and longitude trajectory.
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Figure 8. Case 4 : Altitude vs latitude and longitude.

Figure 6. Case 3 : Altitude vs latitude and longitude trajectory.
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Figure 7. Case 4 : Altitude vs wind velocity, density and drag.
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γBO 
(D)

VBO 
(m/s)

PBO 
(m)

13.85(D)  4658(m/s) 6514670(m)

Table 3. Burnout state vector considering for robustness studies

Figure 9. Case 5 : Altitude vs wind velocity, density, and drag.
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Figure 10. Case 5 : Altitude vs latitude and longitude.
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Case Percentage of variation on the nominal wind,  
density and drag (assumed model)

Wind  Density  Drag coefficient 

4  50  5  2
5 -50 -5 -2

Table 2.  Perturbation bands considered for robustness studies
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Table 4. Robustness test case simulation results

Case
Desired terminal 
conditions (deg)

Achieved terminal conditions 
(without mid-course maneuver 
deception algorithm) pseudo 
target (deg)

Achieved terminal conditions                       
(with ideal model mid-course 
maneuver deception algorithm) 
actual target (deg)

Achieved terminal conditions 
(with pertubed model mid-
course maneuver deception 
algorithm) (deg)

Latitude  Longitude  Latitude   Longitude  Latitude   Longitude  Latitude  Longitude  

4
41.488637 87.088686 41.348213 87.112340 41.485034 87.086906 41.480771 87.085815

(Desired -Achieved)    
Latitude & Longitude

0.1404 -0.0237 0.0036 0.0018 0.0079 0.0029

5
41.488637 87.088686 41.348213 87.112340 41.485034 87.086906 41.491567 87.089976

(Desired -Achieved)    
Latitude & Longitude

0.1404 -0.0237 0.0036 0.0018 -0.0029 -0.0013

and aero models. The case studies are listed in Table 2. The 
burnout state vector consider for the simulation studies shown 
in Table 3.

Table 4 shows the desired target point location, achieved 
terminal point location without (predictable trajectory) and 
with (deception trajectory) reentry maneuver.

Figure 7 & 9 shows the  wind, atmospheric density 
and drag variation with respect to the altitude. The curves in 
green shows the model considered for background trajectory 
simulation, while the red one is considered for fore ground 
simulation. Figures 8 & 10 shows the latitude and longitude 
variation with respect to the altitude and it is clear from the 
figures that the final impact is achieved with in the prescribed 
tolerance bound, under model perturbations.

5.	 Conclusion
A practically working and implementable algorithm for 

real time mid-course maneuver with pre-corrected ascent 
phase guidance is described in the current paper. The work 
describes in detail the implementation of the deception 
maneuver and guidance algorithm by means of a 6DoF 
simulation from burnout point to impact. With the practicable 
available subsystem’s  the paper shows the robustness of the 
algorithm by means of some simulation cases by considering 
a wide band of burnout state vector values at the burnout. One 
of the flexibility of the proposed work is in selecting online 
the start and end point of maneuver with the variation of the 
amplitude and frequency of the maneuver, by keeping in view 
of the thrust force availability and capability. The present work 
can be extended to ascent phase guidance by virtue of which a 
wide band of dispersion at reentry can be taken care and it is 
also possible to use side thruster during the maneuver phase to 
decrease the payload response time for maneuver.
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