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Periodic cruise has the potential to improve the fuel-saving efficiency of hypersonic cruise vehicle but is difficult to optimize. In this
paper, a two-level optimization method for the trajectory of periodic cruise is proposed. Due to that the periodic cruise trajectory
can be divided into an acceleration phase where engine works and a glide phase where engine is off, the two-level optimization
method is proposed to optimize the trajectory in each phase by the corresponding level. In the first level, Downhill Simplex
Method (DSM) is employed to find an optimal angle of attack in the acceleration phase. Subsequently, the optimal trajectory in
glide phase is obtained by the Pseudo-Spectral Method (PSM) in the second optimization level. Numerical results demonstrate
the effectiveness of the proposed method. Finally, through comparing with steady-state cruise, it is concluded that periodic
cruise makes full use of the change of atmospheric density and lift-drag ratio; thus, fuel saving is achieved.

1. Introduction

Hypersonic vehicle generally refers to the aircraft flying at
Mach number above 5 [1], which has a series of advantages
such as high flight altitude, fast speed, and strong penetration
ability, and it has a far-reaching impact on the development
of aerospace technology in the foreseeable future [2]. There-
fore, the research on hypersonic technology has been widely
concerned by researchers all over the world [3, 4].

As one of the important components of hypersonic flight
technology, the design of flight trajectory is based on the
aerodynamic characteristics of hypersonic vehicle and the
complex flight environment, and it is aimed at minimum fuel
consumption, longest range, or shortest flight time, with satis-
fying the complex path constraints including heating rate,
acceleration load, dynamic pressure, and other terminal con-
straints [5]. Through reasonable design, the optimal flight tra-
jectory can improve the efficiency of subsystem in the aircraft
and reduce the cost of the whole flight. At the same time, it can
provide guidance in the structural andmaterial selection of the
aircraft, which is conducive to the overall design of aircraft.

The whole trajectory of hypersonic cruise vehicle is gen-
erally divided into ascending stage, cruising stage, and gliding

stage. Due to the difference of mission performed by hyper-
sonic vehicle in each stage, the flight modes are also quite dif-
ferent. Therefore, it is necessary to establish appropriate
performance indices for different stages, which makes the
research face different problems [6]. The direction and mag-
nitude of aerodynamic force in the ascending stage are
closely related to the direction of thrust, and it is necessary
to control the load caused by aerodynamic force [7]; in the
cruising stage, it is difficult for hypersonic vehicle to maintain
high maneuverability [8], while the constraints of terminal
velocity and flight-path angle are very important to the gliding
stage [9, 10]. Therefore, many researches can be carried out to
solve these problems. Generally speaking, the cruising stage
accounts for a large proportion in the whole flight process of
hypersonic cruise vehicle, and the flight range depends on
the cruising stage to a great extent. Therefore, it is of great sig-
nificance to study the design of trajectory in the cruising stage.

To make the range of aircraft longer, an effective method
is to improve the fuel efficiency of aircraft in the cruising
stage. Finding the cruise trajectory with the highest fuel effi-
ciency has been the focus of many researchers [11]. In these
researches, steady-state cruise and periodic cruise are two
main cruise modes. Steady-state cruise refers to the cruise
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with constant altitude and speed [12]. Thus, it is relatively
easy to optimize the trajectory of steady-state cruise because
it is a two-degree-of-freedom (DOF) problem [13], while
Irons et al. [14] have demonstrated that this trajectory is
not optimal. The theoretically optimal trajectory is an infinite
DOF curve, whose theoretical analysis is quite difficult as a
two-point boundary value problem (TPBVP). Therefore,
researchers tried to find a trajectory with better performance
by dividing the cruise trajectory into a few phases which were
uniform, and then, the concept of periodic cruise was raised.
During periodic cruise, the trajectory approximates the form
of a periodic function. The engine switches on and off
according to a periodic law, which makes the powered pro-
pulsion and unpowered glide alternate, and the altitude,
velocity, and other state variables change periodically. At
the end of a cycle, the parameters of flight state are the same
as that of the initial state [15].

There are many researches about the optimization of tra-
jectory by theoretic analysis [16], but many of them are based
on simplification; otherwise, it is difficult to carry out because
of the complex characteristics of hypersonic flight. With the
development of computational science and intelligent algo-
rithm, many researchers have introduced optimization
method to the field of aerospace [17, 18]. A number of trajec-
tory optimization methods were proposed, which were well
reviewed by [19], and it is validated that optimization
method is effective to solve trajectory optimization problems
[20]. In many researches about the optimization of cruise tra-
jectory, it is generally considered that the trajectory of steady-
state cruise is a suboptimal initial guess for the optimization
of trajectory in periodic cruise [21], and the performance
index of them is always used for comparison to draw relevant
conclusions [22]. Many researches find that a certain amount
of fuel can be saved through periodic cruise compared with
steady-state cruise, and the trajectory of periodic cruise is
more flexible. However, due to the complex characteristics
of hypersonic flight, trajectory optimization is a multiobjec-
tive, multiconstraint, strong-coupling, and highly nonlinear
optimization problem [23], which increases the difficulty of
obtaining the optimal solution. In the optimization of peri-
odic cruise trajectory, angle of attack and throttle are the
two control variables, which are also functions about time
and need to be determined to minimize the objective. While
these two variables are nonlinear and discontinuous some-
times, thus, it is not easy to deal with them at the same time
in an optimization algorithm unless new constraints are
added. So far, there is no effective indirect numerical method
and professional software that can deal with the problem of
periodic cruise trajectory design in a unified framework
[15]. Therefore, it is significant to explore new method to
optimize the trajectory of periodic cruise.

In order to obtain the optimization result of periodic
cruise trajectory quickly and robustly, many researchers
introduced the idea of hierarchical optimization to separate
optimization variables and optimize them, respectively, by
different algorithms. Earlier, Subbarao and Shippey [24] pro-
posed a trajectory optimization method by combining the
collocation method with the genetic algorithm. The initial
values of variables were selected by genetic algorithm to

improve the optimization efficiency, and then, the trajectory
was optimized by the collocation method. Kang et al. [25]
studied the optimal periodic cruise trajectory by combining
genetic algorithm and direct shooting method; then, a
method of two-level optimization was developed to deal with
the parameters of initial state in the outer loop and the con-
trol variables in the inner loop, respectively. In recent years,
many new effective two-level trajectory optimization
methods have been proposed and applied in trajectory opti-
mization. Chai et al. [26] formulated and solved a con-
strained space maneuver vehicle trajectory optimization
problem using a three-layer-hybrid optimal control solver,
and good performance was obtained. Liu et al. [6] developed
a two-level optimization algorithm to solve the optimal
steady-state cruise trajectory by combining PSO algorithm
with sequential quadratic programming. In [27], deep neural
network was trained by generated trajectories from fuzzy
multiobjective transcription method; then, a two-step strat-
egy for real-time trajectory planning was proposed with fea-
sibility and reliability confirmed. In this paper, due to the
complexity of periodic cruise trajectory design, the concept
of hierarchical optimization is also employed.

Considering that there are an acceleration phase and a
glide phase in a period of periodic cruise, which can provide
convenience to optimize the trajectory if the two phases can
be optimized separately, a two-level optimization method
which deals with the optimization problems in different
phases by different levels, respectively, is proposed in this
paper. The first level optimizes the acceleration phase, and
the glide phase is optimized by the second level, and it is
required that the fuel consumption averaged by range is low-
est in the period. The second part of this paper introduces the
models including parameterized aircraft model and dynamic
equations. The description of optimization problem as well
as method is also illustrated in detail. The solution of
steady-state cruise and optimized result of periodic cruise
are displayed in the third part. Finally, the difference of tra-
jectory between steady-state cruise and periodic cruise is dis-
cussed, and the fuel-saving mechanism of periodic cruise is
explored by contrast with steady-state cruise.

2. Models and Methods

2.1. Model of Hypersonic Vehicle. The HL-20 aircraft model
[28] is widely employed in the research of trajectory optimi-
zation [29], and the aerodynamic coefficients are given in (1)
[30]. Mach number is denoted by M. The coefficient of lift
and drag are denoted by CL and CD, respectively. CD0 means
the drag coefficient at zero attack of angle whose value is
0.008 when M > 10.

CL M, αð Þ = CL0 Mð Þ + CLα Mð Þα,
CD M, αð Þ = CD0 Mð Þ + K Mð ÞCL

2,

CL0 Mð Þ = 1
20π arctan 10 M − 1ð Þ½ � − 0:035,

CLα Mð Þ = 0:057 exp −0:654Mð Þ + 0:014,
K Mð Þ = 1:85 1 − exp −0:2356Mð Þ½ �:

8>>>>>>>>><
>>>>>>>>>:

ð1Þ
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Thrust coefficient is calculated in (2) [30], and the value
of thrust force is calculated by (3), where s denotes the throt-
tle, qmeans the aerodynamic pressure, and Se is the reference
area of engine whose value is 9.02m2. Angle of attack is
denoted by α, and the unit is degree.

CT max =
0:4736M1:5 + 1:6947M−2 M < 4ð Þ,
15 α + 5ð Þ0:25

M1:15 ⋅ exp −
M0:08

200 × α + 5 − 35
M0:6

� �2
" #

M ≥ 4ð Þ,

8>><
>>:

ð2Þ

T = sqCT maxSe: ð3Þ

The specific impulse of engine is computed by (4), and
fuel consumption per second is calculated by (5), where
h denotes flight altitude and g denotes the acceleration
of gravity.

Isp =
4500 − 10 h − 20ð Þ M < 4ð Þ,
−245M + 5480 − 10 h − 20ð Þ M ≥ 4ð Þ,

(
ð4Þ

dm
dt

= −
T
gIsp

: ð5Þ

The 1976 U.S. Standard Atmosphere Model is used.
An altitude factor is defined by [21], where Re means
the radius of earth.

H = h
1 + h/Re

: ð6Þ

When flight altitude is in the range of 32 to 47 km, the
atmospheric density, denoted by ρ, is calculated in (7),
where ρ0 = 1:225 kg/m3.

W = 1 + H − 39:7499
89:4107 ,

ρ = 3:2618 × 10−3ρ0W−13:2011:

ð7Þ

For the sake of simplicity, the earth is considered to be
a homogeneous sphere, and the acceleration of gravity is a
constant at 9.8m/s2. The velocity of sound, which is
denoted by a, can be regarded as a constant whose value
is 340.294m/s [30]. Then, the dynamic model is described
in (8). The flight-path angle is denoted by γ. T , L, and D
are thrust, lift, and drag, respectively; m means the mass
of aircraft whose value is 89930 kg, and r denotes the flight
range. Based on (8), the trajectory of aircraft can be
simulated.

dh
dt

=M ⋅ a ⋅ sin γ,

dM
dt

= T cos α −D −mg sin γ

m ⋅ a
,

dγ
dt

= T sin α + L
mM ⋅ a

+ cos γ M ⋅ a
Re + h

−
g

M ⋅ a

� �
,

dr
dt

=M ⋅ a ⋅ cos γ Re

Re + h

� �
:

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

ð8Þ

The optimization of aircraft trajectory is a kind of clas-
sic optimal control problem. For a periodic dynamic sys-
tem whose period is tc, the dynamic equation can be
formulated as (9), where x denotes the array of state var-
iables and u means the array of state variables.

_x = f x tð Þ, u tð Þð Þ: ð9Þ

The function of uðtÞ needs to be determined in order
to minimize the index function in (10) with the terminal
constraints in (11) satisfied.

J =
ðtc
0
g x tð Þ, u tð Þð Þdt, ð10Þ

x 0ð Þ = x tcð Þ: ð11Þ

Therefore, in the optimization of trajectory, h, M, and
γ are regarded as state variables, which is formulated as
x = ðh,M, γÞT . α and s are regarded as control variables,
which is formulated as u = ðα, sÞT . And the optimization
of trajectory is to determine the function of α and s to
minimize the objective which is relative to the parameters
of trajectory.

Table 1: The limits of control variables.

Variable Lower limit Upper limit

α (°) 5 20

s 0 1

h
(k

m
)

Acceleration phase

Glide phase

Periodic cruise
trajectory

Steady-state
cruise trajectory

t (s)

Figure 1: The flight plan of periodic cruise.
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2.2. Method for Steady-State Cruise. To compare with the
result of periodic cruise, the trajectory of steady-state cruise
needs to be solved first.

In steady-state cruise, γ is 0 and h and M remain
unchanged. The first three equations in (8) should be equal
to 0.While γ is 0 so that the first formula is naturally satisfied,
thus, (12) is obtained. L and D are related to h, M, and α,
while T is related to h, M, α, and s. Overall, there are two
equations with four variables.

dM
dt

= T cos α −D
m ⋅ a

= 0,

dγ
dt

= T sin α + L
mM ⋅ a

+ M ⋅ a
Re + h

−
g

M ⋅ a
= 0:

8>><
>>: ð12Þ

Given the value of h andM, the other two variables can be
solved and the fuel consumption averaged by range can also
be obtained. Firstly, T can be eliminated by (12), and then,
(13) can be obtained.

D tan α + L −mg +m
M ⋅ að Þ2
Re + hð Þ = 0: ð13Þ

Then, a transcendental equation which is only related to
α can be obtained by substituting (14) into (13). After the
value of α is obtained, s can be also calculated by (12).

L = CL ⋅
1
2 ρ M ⋅ að Þ2 ⋅ S,

D = CD ⋅
1
2 ρ M ⋅ að Þ2 ⋅ S:

ð14Þ

Owning to that γ is 0 while h and M remain unchanged.
The fuel consumption averaged by flight range can be simpli-
fied as in (15) and [6]. Thus, all parameters in the trajectory
of steady-state cruise can be solved.

J = T
gIspM ⋅ a

1 + h
Re

� �
: ð15Þ
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Figure 2: The process of two-level optimization.
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Figure 3: The distribution of fuel consumption averaged by range at
different flight altitudes and Mach numbers.
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2.3. Optimization Problem of Periodic Cruise. In a periodic
cruise whose period is donated by tc, the terminal constraints
are illustrated in (16).

h 0ð Þ = h tcð Þ,
v 0ð Þ = v tcð Þ,
γ 0ð Þ = γ tcð Þ:

8>><
>>: ð16Þ

The objective of optimization is to minimize the fuel con-
sumption averaged by flight range in a cruise period, which is

J =
Ð tc
0 ∣ _m ∣ dtÐ tc

0 _rdt
= m 0ð Þ −m tcð Þ

rc
: ð17Þ

The limits of α and s are determined according to the
original data benchmark [15], as shown in Table 1.

Therefore, the optimization problem of periodic cruise
trajectory can be formulated as (18).

Minimize  J = m tcð Þ −m 0ð Þ
rc

,

subject to

α tð Þ ∈ 5, 20½ �,
s tð Þ ∈ 0, 1½ �,
h 0ð Þ = h tcð Þ,
v 0ð Þ = v tcð Þ,
γ 0ð Þ = γ tcð Þ:

8>>>>>>>><
>>>>>>>>:

ð18Þ

In [31], based on a simplified dynamic model, the value
of throttle in periodic cruise was solved by the minimum
principle. It proved that the value of throttle was only 0 or
1, and the engine only started once in a cycle. Gao et al.
[15] regarded the highest point of periodic cruise trajectory

as the starting point and assumed that the curve which
depicted the change of altitude was approximately a cosine
curve with the increase of range. The cosine curve was intro-
duced into the optimal control problem as a path constraint,
and the parameters which determined the shape of cosine
curve were regarded as the augmented state. The optimized
results were similar to that in [31]: the throttle switched
between 0 and 1. Based on the results of above references,
the flight plan of periodic cruise selected in this paper is as
shown in Figure 1: the engine switches on when γ is equal
to 0, and it lasts for 60 seconds; then, the aircraft begins to
glide. The throttle is 1 when starting, and the rest is 0.

2.4. Two-Level Optimization Method for Periodic Cruise. As
shown in Figure 1, during the period, the engine switches
on and off periodically; thus, the whole trajectory in a period
can be divided into two phases. One is the acceleration phase
when engine switches on and aircraft speeds up, and the
other is the glide phase when engine switches off and aircraft
glides without propulsion. Due to a relatively small propor-
tion of acceleration phase [31], the angle of attack in this
phase is regarded unchanged, and its value is regarded as a
variable which needs to be optimized. Therefore, when
studying the acceleration phase, it is a kind of parameter opti-
mization problem. In this paper, the optimization about the
angle of attack in the acceleration phase is carried out in
the first level of the two-level method by the Downhill Sim-
plex Method (DSM). The DSM is a geometrically intuitive
algorithm. In two dimensions, the simplex is a triangle and
it is a tetrahedron in three dimensions. As the algorithm pro-
ceeds, the simplex makes way downward toward the location
of the minimum through series of steps.

The glide phase accounts for a large proportion in the
whole flight period, and the angle of attack in this phase can-
not be regarded as a constant. Therefore, it is a dynamic opti-
mal control problem whose variables change with the
increase of time. In the glide phase, there is no propulsion
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and the throttle is 0; thus, the angle of attack is the only one
control variable. In recent years, direct methods, especially
Pseudo-Spectral Methods (PSMs), have become increasingly
mature with the development of computers and optimization
algorithm. A number of improvements for PSM and combi-
nations with other algorithms were proposed [32]. The
GPOPS (Gauss Pseudo-spectral Optimization Software),
which is based on PSM and some effective nonlinear pro-
gramming methods such as sequential quadratic program-
ming (SQP), has been successfully applied in trajectory
optimization problems. To optimize the angle of attack in
the glide phase quickly and accurately, the GPOPS is
employed as the second-level optimization, whose target is
the longest flight range in the glide phase and the terminal
constraint is (16).

Therefore, due to the division of the whole trajectory, the
whole optimization is divided into a parameter optimization
problem and an optimal control problem, which are solved in
different levels, respectively. Thus, the two levels of the opti-
mization method are mainly divided by different phases of
trajectory. Aiming at the minimal fuel consumption averaged
by flight range, the process of two-level optimization is
shown in Figure 2 and the details are as follows:

Step 1. Set the initial value of angle of attack in the accelera-
tion phase, and calculate the trajectory by the forth order
Runge-Kutta (RK-4) method.

Step 2. Take the terminal point of acceleration phase as the
starting point, and optimize the angle of attack in glide phase
by the GPOPS, whose target is the longest flight range.

Step 3. Calculate the fuel consumption averaged by range in
the whole period, and the result is fed back to the Downhill
Simplex Method.

Step 4. Adjust the angle of attack in the acceleration phase by
Downhill Simplex Method, and calculate the trajectory.

Step 5. Repeat Step 2 to Step 4 until the algorithm converges.

3. Results and Analysis

3.1. Result of Steady-State Cruise. In steady-state cruise, the
distribution of fuel consumption averaged by range at differ-
ent flight altitudes and Mach numbers is displayed in
Figure 3. It can be seen that there is a minimal fuel consump-
tion, whose value is 2 kg/km lower than the maximum. Thus,
the optimization of trajectory is significant to reduce fuel
consumption.

At a constant flight altitude, with the change of Mach
number, there is an optimal flight state whose fuel consump-
tion is the minimum, and it is named the local optimum,
while the state with the minimal fuel consumption at all flight
altitudes is named the global optimum. Some parameters of
local optimums at different flight altitudes are displayed in
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Figure 4. With the enhancement of flight altitude, the local
optimal Mach number and angle of attack as well as throttle
increase, while the fuel consumption averaged by range
decreases firstly and then increases. Thus, it can be concluded
that the global optimal flight altitude of steady-state cruise is
around 43 km.

Figure 5 displays the change of lift, drag, and thrust with
the increase of flight altitude. It can be seen that all forces
decease if flight altitude is higher; thus, the increase of flight
altitude tends to reduce the value of drag, which is also ben-
eficial to reduce fuel consumption. However, from Figure 4, a
higher flight altitude is accompanied with a higher flight
Mach number, which will cause the decrease of impulse
according to (4) and thus the efficiency of engine reduces.
Therefore, there is an intervening flight altitude between
the two aspects to obtain a relatively lower drag and a rela-
tively higher impulse, and that is the point where the global
optimum locates. Overall, the global optimal parameters of
steady-state cruise trajectory are a result of the combination
of the two aspects; thus, minimal fuel is consumed.

By the method of traversal, the flight altitude of the global
optimum in steady-state cruise is at 42.6 km and the Mach
number is 14.4. The fuel consumption averaged by range is
1.556 kg/km. Figure 6 shows the contour of fuel consumption
at different flight altitudes and Mach numbers. It can be seen
that if one of the flight altitudes or Mach numbers is away
from the global optimal point, more fuel will be consumed,

and the total flight range will decrease. However, a hyper-
sonic vehicle usually cannot always work at a state around
the optimal point because of the constraints of structure
and the requirements of mission. Therefore, it is significant
to explore periodic cruise whose trajectory is more flexible
with the fuel consumption reduced.

3.2. Optimization Results of Periodic Cruise. Based on the
two-level optimization method, the starting point is set in
the flight altitude at 41 km and Mach number at 14.4. The
initial value of optimization variable in the first level is set
as 5°; then, the whole two optimization levels are imple-
mented. Figure 7 shows the change of angle of attack in the
acceleration phase during the optimization process, which
is convergent at 5.337° after 12 iterations of optimization.
The complete trajectory and flight parameters in a whole
period are displayed in Figure 8, where the trajectory of accel-
eration phase is depicted by red lines while that of glide phase
is described by black lines. The fuel consumption averaged by
range in the whole period is 1.514 kg/km, whose fuel-saving
efficiency is 5.1% compared with that of steady-state cruise
at 1.596 kg/km at the same flight altitude and Mach number.
Therefore, periodic cruise has more advantages in fuel
saving, and the two-level optimization method is validated
as well.

In last section, it is found that the flight altitude of
optimal steady-state cruise point with the minimal fuel
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Figure 8: The flight parameters in the whole periodic cruise at 41 km: (a) flight altitude (km); (b) Mach number; (c) fight-path angle (degree);
(d) mass (ton); (e) angle of attack (degree); (f) throttle.
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consumption is at 42.6 km and the Mach number is 14.4. To
further validate the two-level optimization method and
explore the performance of periodic cruise, optimization of
periodic cruise is carried out at the optimal point of steady-
state cruise. The initial value of angle of attack in the acceler-
ation phase is set as 5° as well. Figure 9 shows the optimized
trajectory and flight parameters in the whole periodic cruise.
The optimal value of angle of attack in the acceleration phase
is 5.751°, and the fuel consumption averaged by range in the
whole period is 1.511 kg/km, whose fuel-saving efficiency is
2.92% compared with that of steady-state cruise at 1.556
kg/km. A result with less fuel consumption can be obtained
by the two-level optimization even at the optimal steady-

state cruise point; thus, the effectiveness of optimization
method proposed is proved further.

3.3. Analysis of Parameters in Method. To detail the influence
of the GPOPS on the whole method, the distribution of mesh
points with different tolerance is displayed in Figure 10. It
can be seen that more mesh points are needed to achieve a
higher accuracy. It is worth mention that the angle of attack
in the acceleration phase changes in the optimization pro-
cess, which generates different trajectories of the acceleration
phase. Thus, the optimization of the trajectory in glide phase
by the GPOPS is implemented in different starting points
during the optimization process, while generally the GPOPS
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Figure 9: The flight parameters in the whole periodic cruise at 42.6 km: (a) flight altitude (km); (b) Mach number; (c) fight-path angle
(degree); (d) mass (ton); (e) angle of attack (degree); (f) throttle.
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needs a lot of time to obtain a robust result with a small tol-
erance at most starting points. Thus, the optimization would
cost more time if smaller tolerance is required, and the toler-
ance should be selected to balance computational accuracy
and speed.

In addition, the length of duration when engine works,
denoted by td , is set at 60 s in previous study. To detail the
effect of td on the method, a parameter variation of td is car-
ried out. When that value of td is 60 s, 65 s, and 70 s, the opti-
mal angle of attack in the acceleration phase is obtained by
the proposed method and the value is 5.295°, 5.291°, and
5.288°, respectively, which decrease slightly. And the reason
should be that a high velocity can be guaranteed at the end
of acceleration phase if td is large, while a small angle of
attack is beneficial to enhance the impulse and reduce the

drag. As shown in Figure 11, different optimal trajectories
are obtained by the proposed method, which confirm the
applicability and feasibility.

3.4. Analysis of Periodic Cruise Trajectory. When the flight
altitude of starting point is at 41 km and the Mach number
is 14.4, a fuel-saving efficiency more than 5% is achieved by
periodic cruise. Take this as an example to explore the mech-
anism of fuel saving in periodic cruise.

Figure 12 shows the change of drag during periodic cruise
and steady-state cruise, respectively. Combined with
Figure 8, it can be seen that the aircraft accelerates and
ascents with the propulsion provided by engine. Then, the
engine switches off, and the aircraft begins to glide without
power. At this time, the flight altitude is relatively high and
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Figure 11: The flight parameters in the whole periodic cruise under different td : (a) flight altitude (km); (b) Mach number; (c) fight-path angle
(degree); (d) mass (ton); (e) angle of attack (degree); (f) throttle.
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the atmospheric density is low, which is suitable for glide
because of the small drag as shown in Figure 12. When the
flight altitude is relatively low, the engine switches on again
and the acceleration phase starts. At this time, the atmo-
spheric density is large, which is beneficial for combustion
in engine, and larger impulse is achieved according to (4).
Therefore, the whole trajectory of periodic cruise shuttles
between an atmosphere layer with relatively high density
and an atmosphere layer with relatively low density, and it
is similar to the ducks and drakes. The trajectory of periodic
cruise makes full use of the change of atmospheric density to
reduce drag in the glide phase and enhance impulse in the
acceleration phase; thus, less fuel is consumed compared with
that of steady-state cruise.

According to the Breguet Range Equation [33], a large
lift-drag ratio is beneficial for a longer flight range. The
change of lift-drag ratio in periodic cruise and steady-state

cruise is displayed in Figure 13. It can be seen that the value
of lift-drag ratio in periodic cruise is mostly between 4.1
and 4.2, while that of steady-state cruise is around 4.0, which
is also a reason why fuel saving is achieved in periodic cruise.

Therefore, the trajectory of periodic cruise utilizes the
change of atmospheric density to reduce drag and enhance
impulse and adopts flight states with higher lift-drag ratio
to enhance flight range. Therefore, less fuel is consumed
compared with that of steady-state cruise.

4. Conclusions

Based on the characteristic of periodic cruise trajectory that
the whole trajectory can be divided into an acceleration phase
and a glide phase, a two-level optimization method which
combines the Downhill Simplex Method with the Pseudo-
Spectral Method is proposed in this paper; then, the trajec-
tory of periodic cruise for hypersonic vehicle is optimized
and analyzed. Conclusions can be drawn as follows:

(1) The proposed optimization method can deal with the
design problem of periodic cruise trajectory with fea-
sibility confirmed

(2) The fuel consumption averaged by range in periodic
cruise trajectory is less than that of steady-state cruise
trajectory, which means periodic cruise can save a
certain amount of fuel and make range longer

(3) The trajectory of periodic cruise makes more use of
atmospheric density and lift-drag ratio of aircraft,
and therefore, fuel saving is achieved

In future work, the length of duration when engine works
can be also regarded as an optimization variable, while more
improvements are needed to make sure credible results can
be obtained by PSM. To enhance the accuracy of results
and make the method more robust, new method, such as ini-
tial guess generator technique, can be introduced.
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