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Abstract. In order to make multi-aircraft cooperating with each other and reaching the
specified target area at the same time, the gliding trajectory cooperating planning is studied.
The trajectory planning model is established. For a single aircraft, online trajectory generation
based on the height vs velocity (H-V) profile is achieved, and a feedback linearization tracking
guidance law is designed. For multi-aircraft, a multi-aircraft trajectory planning strategy based
on time coordination is designed. Multi-aircraft trajectory cooperating planning under two
different operational backgrounds is simulated. Simulation results show that the algorithm can
achieve multi-aircraft trajectory cooperating planning, and multi-aircraft can reach the target
area at the same time.

1. Introduction

With the strengthening of the aerial defence system, traditional single-aircraft is facing severe
challenges in implementing penetrating and striking target. To achieve effective penetration and
improve the effectiveness of cooperative operations, the US military took the lead in putting forward
the concept of cooperative operations in the mid-1970s and achieved a series of research results.

At present, the main contents of multi-aircraft cooperative combat research include attack time
coordination [1-5], attack angle coordination [6], attack time and attack angle coordination [7-11] and
multi-aircraft formation control. In general, there are three deficiencies. First, most of the research
objects are low-velocity aircraft, and they are considered to fly under uniform or uniform acceleration.
There is a lack of research on cooperative operations for hypersonic vehicles. Second, it does not
consider the effect of complex battlefield environment such as heat flow, dynamic pressure and
overload. Third, the cooperative operation distance is close and the guidance is mostly terminal
cooperative guidance.

In this paper, the cooperative engagement of multi-hypersonic gliding aircrafts are used as the
study object. In order to make multi-aircraft reaching the specified target assembly area at the same
time, the gliding trajectory cooperative planning is studied. Firstly, the trajectory planning model is
established. Secondly, the trajectory of a single aircraft is generated online based on the HV flight
profile. A nonlinear tracking law using feedback linearization method is used to track the standard
trajectory. Finally, a multi-aircraft trajectory cooperative planning strategy is proposed. The simulation
results are carried out in two different operational backgrounds. The illustrative examples show that
the method is effective to solve the trajectory cooperative planning problem.

2. Dynamic equation
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In order to simplify the calculation, the influence of the flattening rate is ignored and the three-degree-
of-freedom motion equation of the aircraft is established as follows [12].
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Where mis the mass of the aircraft, g is the gravity acceleration, V is the velocity; @ is the flight
path angle; o is the heading angle; r is the radial distance from the earth center to the aircraft. And
r=R, +h, where R, is earth's average radius, h is the height of the aircraft from the local level; A is
the geographical longitude; ¢ is the geographical latitude; v is the bank angle; @, =7.292 x107° rad/s

is the earth rotation. L and D are the aerodynamic drag force and lift force respectively. Their specific
expression are given by

L=05pV?C,S
{ P L )
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Where S,, is the reference area. The atmospheric density o= p, exp(—ﬁ(r—ro)) , where p,

=1.225kg/m’ and S =1/7100. The drag coefficient C, and lift coefficient C, are related to the shape
and flight state of the aircraft.

3. H-V flight profile generation and tracking law using feedback linearization

3.1. H-V flight profile generation

In general, the aircraft reentry process can be divided into three phases: the initial descent phase, the
gliding phase, and the terminal guidance phase. The gliding trajectory is designed to two segments
which can be obtained by cubic polynomial planning, namely

H,=c +CV +cVZ+cV°® (3)

Where c;, ¢, ¢;, ¢, are the undetermined coefficients. The gliding trajectory is divided into two
phases which are connected by control point. By changing the height and velocity of the control point,
the shape of the two curves can be changed so that the trajectory of the entire gliding trajectory can
meet the process constraints and task requirements and reach the target area.

The initial descent phase of the aircraft adopts the constant angle of attack and zero-bank angle to
control. At the end of the descent phase, the pull-up point parameters including height H, and speed

V, can be obtained. According to the terminal guidance requirements, the push-down point parameters
including height H, and speed V, can be pre-determined. The speed of control point can be taken as

V., =(V, +V,;)/2, and the height H_, must meet the constraints of the reentry corridor. The specific
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value is determined by the range to be flying. According to the parameters of the pull-up point, the
control point, and that the change rate of the height vs the speed is equal to zero, the undetermined
coefficient of the curve can be determined. Similarly, the curve form between the control point and the
push-down point can be solved.

In the case of a small lateral manoeuvring range of the aircraft, the range is mainly determined by
the longitudinal range. The longitudinal range can be determined based on the H-V flight profile.
Without considering the earth rotation, the equation of longitudinal motion is simplified as following.
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When the H-V flight profile is determined, the range can be estimated by integrating the formula
above. Generally, the specific height H, of the control point can be determined by the Newton
iteration algorithm according to the range mission. At the same time, since the speed V of the control
point is determined and the height H_needs to meet the reentry corridor constraints, the height of the

control point can also be determined by traversing the search. That is, when the speed of the control
point is known, the height interval is determined according to the reentry corridor constraints. The
search step length is set. Then, the control point height H_ is searched and determined.

3.2. Tracking law using feedback linearization
In order to track the H-V curve, a feedback linearization is used to design the tracking controller.

According to the dynamic equation in longitudinal plane, the state variables are taken as [r,V , 49] ,and
the control variable is taken as longitudinal lift.
u=Ycosv (6)
The output of the control system is

y=H (7

According to the above transformation, the H-V profile tracking problem is converted into a single-
input single-output problem with input as U and output as H . The system equation can be expressed
as

y=H=r=Vsing ®)
y=H =Vsind+VOcosd
The simplified dynamic equation is brought into the above system equation. Then
y=a(x)+b(x)u )
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w—a(x)
b(x)

relationship.

Let u= , the input-output relationship will become a simple linear double-integral

y=w (10)
In order to ensure the stability of tracking, the error must meet the following requirements at the
same time.

SH +2¢wsH + 0*6H =0 (11)

Where SH=H -H,,6H=H-H,,6H=H -H,, H, is the reference height, H is the current
flight height.
Therefore, the control system input is given by

_ Hy—2{wsH — o*SH —a(x)

u= ) (12)

As can be seen from the relationship between input and output of the control system, if the angle of
attack or bank angle is determined, then the other can be obtained. Assuming that the angle of attack
profile is determined, the bank angle is calculated by

v, = arccos(%) (13)

For the control of the lateral trajectory, the method of designing the heading angle error corridor is
usually used.

The height - velocity curve obtained by tracking is shown in figure 1.
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Figure 1. Velocity vs height curve.

4. Trajectory planning based on time coordination
In order to cope with the complex battlefield environment in the future and make multiple aircraft
reach the attack target area at the same time, the following cooperative path planning process is
designed on the basis of online trajectory generation method.

First, estimate the remaining flight time required for each aircraft to reach the target. The remaining
flight time is available from the current time t and the terminal time #,and given as t,, =t; —t;

Second, determine whether cooperative is needed. Calculate the difference among the remaining
flight time of each aircraft, and compare it with the pre-given time difference ¢ . If t:;o —t[f)

> ¢, the

trajectory needs cooperative planning; otherwise, it does not need;
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Third, do cooperative planning. Considering that the flight process is one no-power reentry and
gliding phase, it is difficult to achieve acceleration for the aircraft. So the aircraft with the larger
remaining flight time is used as a reference, and the remaining flight trajectories are regenerated and
tracked online.

Without loss of generality, the trajectory online generation and cooperative planning process of two
aircrafts can be shown in figure 2.
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Figure 2. Flow chart of online generation and cooperative planning.

In the figure, it means that the cooperation is performed at this time At, which is the coordination
time interval. t, is time of the pull-up point.
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5. Experiments and results

5.1. Launch at the same place but the different time
Assuming that the latitude and longitude of the launch point are set (0°E, 0°N). The initial velocity is
4600m/s, the height is 90km, the flight path angle is -6.5°, and the heading angle is 45°. Take the target
latitude and longitude latitude as (15°E, 10°N). The push-down point satisfies the following constraints:
the height is 30km, the velocity is between 1200m/s and 1800m/s, and the radius of the target area is
50km.

The time interval between the launch of the two aircrafts is 60s. The time-coordination interval of
the two aircrafts is At=100s. The allowable time difference is & =1s. The simulation results are

shown in figure 3.
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Figure 3. Results for launching at the same place but the different time.

In figure 3, the denotations IT-1, IT-2, CT-1, CT-2 represent initial trajectory of aircraft 1, initial
trajectory of aircraft 2, cooperative trajectory of aircraft 1 and cooperative trajectory of aircraft 2
respectively. The denotation TP represents the target area.

As can be seen from the figure 3, the initial state and the terminal state are the same before the two
aircrafts cooperating. There is only a gap in time, so the trajectories obtained by online generation and
tracking guidance are parallel to each other. On account of that the trajectory of aircraft 2 does not
need to be replanned, the IT-2 and CT-2 are coincident. The number of trajectories seen from the
figure is three.

From figure 3a, it can be seen that after the cooperative trajectory planning, the two aircrafts can
still reach the preset target area. But the flying height are different which can be seen from figure 3b.
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Since the aircraft 1 is launched 60s earlier than 2, the height of the trajectory gliding phase of the
aircraft 1 should be reduced as a whole during the cooperative planning in order to achieve the time
coordination. At the same time, it can be seen from the terminal state that the two aircraft are
consistent in range and have the same height, and satisfy the given terminal state constraints. From
figure 3c, it can be seen that after the cooperative planning, the gliding height is reduced. The velocity
decreases from 1800 m/s before the coordination to 1446 m/s. From figure 3d, it can be seen that after
the cooperative planning, the two aircraft trajectories can reach the predetermined altitude at the same
time, which meets the time coordination requirement.

5.2. Launch at the same time but the different places

In order to strike the same target whose latitude and longitude is (15°E, 10°N), two aircrafts are
launched from two positions whose latitudes and longitudes are (0°E, 0°N) and (0°E, 5°N) respectively.
The starting height is 90km and the initial velocity is 4600m/s. The flight path angle is -6.5°, and the
heading angle is 45°. The two aircrafts are required to reach the designated target area at the same time,
and the push-down point should satisfy the constraints, including that the height is 30km, the velocity
is between 1200m/s and 1800m/s, and the range to be flying is 50km. The coordination time interval is
taken as At =100s, and the allowable time difference is & =1s. The simulation results are shown in

figure 4.
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Figure 4. Results for launching at the same time but the different place.

From the simulation results, it can be seen that before the cooperative is performed, the flight time
of initial trajectory 1 time is 631.7 s, and the initial trajectory 2 is 564 s. The aircraft 2 reaches the
target area earlier than aircraft 1. In order to make the two aircraft reach the target area at the same



ATDMAE 2018 IOP Publishing
IOP Conlf. Series: Materials Science and Engineering 408 (2018) 012025 doi:10.1088/1757-899X/408/1/012025

time, the trajectory of the aircraft 2 needs to be replanned online. Therefore, the deceleration of aircraft
2 is controlled until reaching the target area simultaneously with the aircraft 1. On account of that the
trajectory of aircraft 1 does not need to be replanned, the IT-1 and CT-1 are coincident. The number of
trajectories seen from the figure is three. From the flight time information of the two aircrafts, it can be
seen that the time coordination control strategy successfully makes the two aircraft reach the target
area at the same time. Finally, the two aircrafts complete the coordinated combat mission.

From the simulation results obtained in the above two different situations, we can see that the
cooperative trajectory planning method can enable multiple aircrafts to reach the target area at the
same time, which layes the foundation for the terminal guidance.

6. Conclusions

With the continuous development of hypersonic technology and the strengthening of the aerial defence
system, multi-aircraft cooperative combat will become a new combat style. In view of the deficiencies
in the current research, this paper does research on cooperative planning technology of gliding phase
for multi-aircraft. Based on the online trajectory generation and a feedback linearization tracking
guidance law for a single aircraft, a multi-aircraft trajectory planning strategy based on time
coordination is designed under time coordination condition. Two cases are simulated and verified
under different operational backgrounds. The simulation results show that the designed trajectory
cooperative planning strategy can effectively achieve the multi-aircraft reaching the target area at the
same time. The flight process meets the constraints of the reentry corridor. The trajectory satisfies the
terminal constraint, which can lay the foundation for the subsequent terminal guidance.
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