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Abstract— A trajectory programming algorithm based drag 

acceleration profile is presented which aiming at the 

reference trajectory in reentry trajectory optimization for 

gliding vehicles. Firstly, Motion equations of vehicles are 

simplified and control variable is parameterized. Secondly, 

the optimal control problem of trajectory programming is 

simplified as one-dimensional searching problem from 

longitudinal and lateral parts. Finally, the tracking 

controller is designed for tracking the drag acceleration 

profile, where the particle swarm optimization(PSO) is 

adopted in order to optimize the gain coefficient of tracking 

controller. Simulation results show that the obtained reentry 

trajectory can save the subsequently optimization iteration 

time and approach the best trajectory. 

 

Index Terms—reentry vehicles, drag acceleration profile, 

trajectory tracking, particle swarm optimization 

I.  INTRODUCTION 

When the gliding vehicle gets back to earth, the 
Earth’s atmosphere is utilized as a kind of natural 
resource to consume its huge kinetic energy and potential 
energy in the form of thermal energy and at last it reentry 
to the earth surface. At the same time, compression and 
friction between vehicle and atmosphere transform a part 
of energy into heat energy around, and the heat energy 
partly passes back to the vehicle by convection and 
radiation. In this whole process the vehicle suffers severe 
aerodynamic heating and overload[1]. 

The optimization of reentry trajectory is done by 
designing an optimized trajectory and making the vehicle 
move along it[2], which can alleviate the aerodynamic 
heating of the vehicle during the reentry process as well 
as greatly reduce the pressure in designing heat-resistance. 
Furthermore, it can be described as a nonlinear optimal 
control problem which is subject to some control 
constraints, terminal constraints and process constraints. 
It is difficult to find accurate analytic solutions of optimal 
control variables because of complicated nonlinear model 
characteristic. The direct method for trajectory 
optimization is focused in recent research, but it requires 
enormous iterative time to search the optimal control 
variables and its corresponding optimal trajectory[3]. In 
addition, it is very sensitive to the initial position of the 
reference trajectory because the quality of the reference 
trajectory will affect convergence and accuracy in 
subsequent optimization process. Therefore, in order to 
guarantee the iterative efficiency, the reference trajectory 
should be as close to the optimal solution as possible[4]. 

 Based on constructing non-dimensional dynamic 
model, this paper calculates the reentry corridor of drag 
acceleration vs. velocity according to the constraint 
conditions. Among the corridor, the reference profile of 
drag acceleration can be decided by one-dimensional 
search method, and then a reference trajectory can be 
planned quickly by designing tracking controller, which 
can increase the iterative efficiency in subsequent 
optimization algorithm. 

II.  MOTION MODEL OF VEHICLE 

According to theoretical mechanics and kinematics 
principle[5], we can deduce the derivation of kinematics 
equations of hypersonic vehicle. The 3DOF equations of 
motion through dimensionless method are given by 
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where, the dimensionless parameters of geocentric vector 
R, velocity of vehicle V, time τ and rotational angular 
velocity of the Earth ω represent the average vector of the 

earth R0, 0 0g R ,
0 0/R g , 

0 0/g R  respectively. g0 
represents the sea level gravitational acceleration. θ and 
represent geographical longitude and latitude 
respectively. γ represents flight path angle, which is the 
angle between velocity vector and the local horizontal 
level; ψ represents heading angle, which is the angle 
between local longitude line and the projection of 
horizontal plane of velocity vector, along the clockwise 
rotation toward north, its value is positive.      

The control law of attack angle can be obtained by 
qualitative analysis of reentry process. According to 
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flight mission, angle of attack can be preselected. 
Commonly, the curve of attack angle will change with 
flight velocity. Then, we can decide the reentry trajectory 
by deciding the control law of bank angle σ only.  

III.  TRAJECTORY PROGRAMMING ALGORITHM 

A.  Longitudial Trajectory Programming 

Generally speaking, the reentry trajectory 
programming can be divided into the longitudinal profile 
programming and lateral profile programming. In this 
paper, we simplify those algorithms and turn them into 
the two independent parameter optimization problems of 
one-dimensional search. 

1) Aerodynamic Heating Rate Constraint 

In reentry process, the friction between the vehicle and 
the atmosphere will leads to severe aerodynamic heating 
problem, and the surface temperatures of different parts of 
the vehicle are different. The effect of aerodynamic 
heating of the critical heating region in the vehicle head 
must be considered as it is relatively serious. So the limits 
on the surface temperature can be transferred to the 
constraint for the aerodynamic heating rate in engineering 
practice. Qs is determined by the following formula[6]: 

  0.5 3.25

0

( )sQ k V





                                (2) 

The drag acceleration is given by 
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2) Dynamic Pressure Constraint 

There should be some restrictions on the dynamic 
pressure in order to reduce the weight of actuator. The 
maximum dynamic pressure restriction depends on the 
strength of defending heat materials for aircraft surface 
and the aerodynamic hinge moment that augments with 
the change of dynamic pressure. And it should satisfy: 

maxq q                                    (4) 
where 
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According to the relationship between dynamic pressure 
and the velocity as well as the relationship between 
velocity and drag acceleration, we can conclude the 
constraint on the drag acceleration: 
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3) Overload Constraint 

In 3DOF reentry trajectory, the overload constraint 
quantity is the maximum overload and it depends on 
structural strength of the vehicle, the total overload 
constraint satisfies: 

2 2( ) maxL D n                                    (7) 
The constraint to the drag acceleration can be 
transformed into 
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4) The Quasi-Equilibrium Glide Condition 

Under normal circumstances, there will be some 
oscillation and bounce for reentry trajectory of vehicle in 

the reentry process and they should be avoided. The ideal 
reentry trajectory should have no bounce and its flight 
path angle should change smoothly, which means γ ≈ 0 

and dγ/dt ≈ 0. According to (1) and if we ignore the 
Earth’s rotation, then we will conclude that the balance of 
gliding constraint should satisfy: 
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Through the calculation under constraints, the upper 
and lower boundaries of drag acceleration which satisfy 
constraints can be obtained under every velocity, and form 
the reentry corridor of drag acceleration and velocity[7]. 

B.  Lateral Trajectory Programming 

The lateral programming should satisfy two 
requirements of flight, one is the terminal heading angle 
ψ and the other is cross-range of vehicle.  
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Figure 1. Flowchart of trajectory programming strategy. 

The reversal point strategy of bank angle of vehicle 
can use searching strategy of single inversion point and 
can also adopt searching strategy of multiple reversal 
point. If we adopt the single reversal point and meet the 
requirements above, then the reversal point of bank angle 
can be found in theory, but it need to consider the 
longitudinal characteristic at the same time which will 
become more complicated to solve. Therefore, 
considering the lateral characteristic, we can search 
reversal point of bank angle to meet the requirements 
above by using the searching strategy of two reversal 
points of bank angle with a short iteration step. The flow 
chart of the programming algorithm is shown as in Fig.1. 

IV.  PSO ALGORITHM AND TRAJECTORY 
TRACKING 
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A.  Priciple of Particle Swarm Optimization 

The particle swarm optimization (PSO) is a population 
based stochastic optimization technique developed by 
Dr.Eberhart and Dr.Kennedy in 1995, inspired by social 
behavior of bird flocking or fish schooling[8].  

Every feasible solution is called a “particle” in 

optimization problems, and a large number of feasible 
solutions constitute the particle population. Each 
individual updates its own position constantly by 
obtaining the search experience of its own and other 
particles of the population, and they will eventually tend 
to the same point which is the optimal solution of the 
solution space. Of course, a large-scale iterative is 
required if they converge to the same point completely, 
so we take a certain radius of the particle population 
converge or maximum iteration time as the termination 
judgment condition. 

We suppose the search space of optimization problem 
is D-dimensional and the number of particles is N. The 
position of the ith particle can be represented as a vector 
Xi = (xi1, xi2 ,…, xiD) and the rate of the position 
change(velocity) for particle i is represented as the vector 
Vi = (vi1, vi2 ,…, viD), where 1≤d≤D and 1≤i≤N. The best 
previous position (the position giving the best fitness 
value) of the ith particle is recorded and represented as 

Pi= (pi1, pi2 ,…, piD).The position of the best particle 
among all particles in the population is represented by the 
symbol Pg or gBest. The position and its change rate of 
every individual updates continuously according to the 
following equations: 
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where, c1 and c2 are positive constants which are called 
acceleration factors. The function rand () is used to 
generate random numbers between 0 and 1 to ensure a 
certain degree of diversity for searched solutions. w 

represents the inertia factor while the d-dimensional of 
the change scope of location and the change scope of 
velocity are [-xdmax xdmax] and [-vdmax vdmax] respectively. 

Some optimization parameters have relatively mature 
common value throughout the optimization process, such 
as the acceleration factor can be set as c1= c2=2 and the 
inertial factor is set as w=1. However, among the 
adjustable parameters, the maximum speed of particles 
vmax affects the searching efficiency of algorithm greatly, 
especially when there is no inertial factor for the original 
PSO and it will affect the initialized situation of PSO. 
The value of vmax can be obtained by simulation and 
debugging in algorithm implementation, but over 
accuracy is not necessary. The scale of population also 
has certain effect for the algorithm in that if the number 
are small, then they will fall into local optimal solution[9], 
on the other hand, the larger the number of the particles, 
the slower the convergence speed, which thus lost the 
advantage of rapidity of PSO. 

At present, the most popular method is time-varying 
weight method and this adjustment method is a weights 

strategy with the linear reduced number of iterations 
which is presented by Shi[10]. Its effectiveness has been 
verified in a large number of applications, that is 
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where, N is the maximum iteration number set by PSO 
algorithm, n represents the current iteration, ω0 and ω1 
are initial and ultimate inertia weight respectively. 

B.  Selection of Optimization Parameters 

After the reference profile of drag acceleration of 
vehicle has been obtained, we need to track the profile in 
order to obtain the control parameter of bank angle, in 
which the PD controller is adopted. The particle swarm 
optimization algorithm can be used to optimize the 
parameters of the tracking controller because it is a 
function optimization problem in essence[11]. 

First of all, the solution space of parameter application 
problem should be mapped to population of PSO, 
moreover, the particle can be set to a two-dimensional 
real number vector, and the first dimension is the 
proportional coefficient of controller while the second 
dimension is the differential coefficient of controller. 
Here, it is a continuous particle optimization problem. In 
this optimization program, we select 30 particles, and the 
maximum displacement and velocity rely on the problem 
itself. Considering the proportional relation of control 
parameters and error, and it is reasonable to set the 
searching range of maximum displacement varies 
between 0 and 0.1. In this paper, we limit the maximum 
of particle between 0 and 0.01 in order to find better 
optimal solution. 

Secondly, the problem is about how to select the fitness 
function. In order to ensure the good performance in the 
whole tracking process, we take the sum of square error of 
instruction height and tracking height as the performance 
index, and at the same time in order to ensure the 
constraint of smooth shift for control quantity, we also 
consider adding the constraint of it for the fitness function, 
that is 
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where, n represents the total steps of flight simulation, that 
is, the error value needs to be accumulated in each step of 
simulation. Therefore, aiming at one computation of 
fitness function, the whole flight process requires to be 
calculated for one time in order to obtain the entire flight 
state. 

V.  SIMULATION RESULTS 

The programming algorithm presented in this paper is 
implemented in generating entry trajectory with a certain 
vehicle data. The terminal constraint of target point and 
satisfying condition are shown in table 1.  

For the trajectory programming problem based on 
reference profile of height, the tracking performances of 
height is plotted in Fig.2 by PSO algorithm, from which 
the algorithm has better tracking performance for height. 
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TABLE I.  TERMINAL CONSTRAINTS OF REFERENCE 
TRAJECTORY 

 
ΔR 

(m) 

Δθ 

(°) 

Δ

(°) 

ΔV 

(m/s) 

Δγ 

(°) 

Δψ 

(°) 

Constraint 
requirement ±500 ±0.05 ±0.05 ±20 -3~0 ±2  

Simulation 
results 10.4 0.045 0.019 2.7 -1.51 -1.08 
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Figure 2. Tracking curves for height using PSO algorithm. 
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Figure 3. Tracking curves of drag acceleration using PSO algorithm. 
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       Figure 4. Optimization curve of bank angle using SPSO. 

With respect to the tracking controller parameters of 
trajectory programming problem for drag acceleration 
profile, which is also optimized by PSO algorithm in 
Fig.3. Because the PSO algorithm is a random searching 
method using computer and dependency on human is 
little, so the algorithm has certain advantages compare 
with other algorithm such as the one-dimensional search 
method by trail-and-error. Fig.4 denotes the optimization 
curve of bank angle using SPSO. The control variable 
changes smoothly and meets the control constraints well. 

VI.  CONCLUSIONS 

This paper introduces the study of programming 
algorithm of reentry trajectory on a certain gliding 
vehicle model. The ultimate aim is planning an entry 
reference trajectory as initial value to advance the speed 
of entry trajectory optimization. On the basis of analyzing 
the profile of drag acceleration vs. velocity, programming 
trajectory was simplified as one-dimensional search 
problem from longitudinal and lateral in two ways, 
especially, the particle swarm optimization algorithm has 
been adopted to improve the accuracy of trajectory 
tracking. The simulation results show the effectiveness by 
the programming algorithm above, and it has certain 
engineering application value in trajectory programming 
for vehicles. 
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