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Abstract

Aiming at the formation maintenance and comprehensive collision avoidance of the helicopter formation
under "Leader-follower" mode, a safety prompt method is proposed. This method is based on the artificial
potential field method to maintain formation and prevent collision of terrain and other formation members,
which prompts helicopter to perform compound escape maneuver when it encounters obstacles and deviates
from formation. After determining the research method, the safety threshold of formation maintenance and
comprehensive collision avoidance during helicopter formation flying is discussed. Finally, the correctness of

the method is verified by numerical simulation.

1. INTRODUCTION

For military helicopters, when a single helicopter
performs its mission, it is easy to have problems
such as limited vision and attack range, which can
be effectively made up by helicopter formation.
Helicopter formation refers to the flight of two or
more helicopters to maintain formation according
to specified intervals, intersection angles and
altitude intercepts. Compared with the formation
of fixed-wing aircraft, the interval of helicopter
formation is closer, and the actual flight
environment is more complex, which causes the
real position of the helicopter is easier to deviate
from the reference position of formation. The
helicopter is prone to collision when the interval is
too close, and the helicopter is prone to fall behind
when it is too farlt-3l,

In helicopter's airborne equipment, CDTI (Cockpit
Display Traffic Information) and ADS-B (Automatic
Dependent Surveillance - Broadcast) system can
provide traffic situation information in a certain
range of airspace centered on the helicopter and
the position information of other helicopters in the
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formation. HTAWS (Helicopter Terrain Awareness
Warning System) and HTCAS (Helicopter Traffic
Collision Avoidance System) can evaluate the
surrounding security situation and direct pilots to
avoid collision. However, for helicopters in the
formation, the interval is far smaller than the
warning threshold set by HTCAS, and they must
fly along a certain airspace for a long time
according to the specified interval. If the traditional
HTCAS is applied in helicopter formation, the
false alarm rate will be high 41-18l,

Therefore, aiming at the flight characteristics of
helicopter formation under "Leader-follower"
model®, this paper proposes a safety prompt
method which takes formation maintenance and
collision avoidance into account comprehensively.
Based on this method, the safety threshold of
formation maintenance and collision avoidance is
determined. The simulation of formation
maintenance and collision warning based on
artificial potential field method'9-113] is carried out
by using MATLAB, and the verification of the
method is performed.

2. FORMATION MAINTENANCE

This part mainly discusses the method of
helicopter formation maintenance and the
calculation method of safety threshold.

2.1. Research Method

In the formation of helicopters, in order to ensure
the integrity of the formation, there must be a
formation adjustment mechanism, which means
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there must be a reference point in the formation.
Different helicopters are located at different
positions of the reference point, so as to form a
certain formation.

Formation maintenance control can be done in
two steps: firstly, the position of the whole
formation is detected and the correct position of
the helicopter in the formation is determined
based on the current environmental information;
and then, it generates an alarm to prompt
helicopter to keep position, depending on the
helicopter's position deviation.

There are three main ways to choose reference
points:

(@) Leader for reference

Choose one leader from a number of helicopters.
All other helicopters follow this ‘leader’ and use
the leader's location information to determine their
position in the target formation.

Follower Follower

Follower

Figure 1 Schematic diagram of leader for reference
(b) Center point for reference

Firstly, sensors are used to sense the position of
all helicopters around. Then calculate the central
position of all helicopter positions, and use this
central position as a reference point to determine
the position of each helicopter in the target
formation.

Figure 2 Schematic diagram of center point for
reference

(c) Neighboring points for reference

Each helicopter is a reference point with its
neighbors, and its position in the target formation
is determined by neighbor's position.

Neighbor

Neighbor Neighbor

Figure 3 Schematic diagram of neighboring points for
reference

As the Leader for reference method only needs to
maintain the same relative attitude and velocity
with the leader, it can ensure formation
maintenance regardless of formation constraints.

The formation in this paper adopts the flight mode
of "Leader-follower". The helicopters of formation
are divided into two complementary roles: leader
and followers, leader decided route, followers at a
certain position and angle to track the leader to
maintain formation. In the process of formation
maintenance, the followers as much as possible
to keep their relative position in order to make the
system as a whole to achieve optimal
performance.

The advantage of this method is that the behavior
of the entire formation group can be controlled by
only giving the maneuver or trajectory of the
leader, the algorithm is simple and efficient, and
the feedback speed is fast.

The formation keeping center of each follower are
determined according to the actual position of the
leader and the basic parameters of formation,
which the position deviation of the follower is
judged based on. Considering the limited
accuracy of navigation and positioning, the
follower flying needs to be limited to a certain
formation keeping area. Referring to the protective
airspace of HTCAS, the formation keeping area of
formation helicopters can be set as a cylinder.
When the follower deviates from the area, the
formation keeping warning will be alarmed. The
schematic diagram is shown in Figure 4.
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Formation keeping center

Follower Formation keeping area

Figure 4 Schematic diagram of formation maintenance
method

2.2. Safety Threshold

Based on the methods above, the safety threshold
of formation maintenance can be determined by
analyzing the relative motion between two
adjacent helicopters and characteristic size of the
formation. The discussion of the threshold of the
formation keeping area includes the height and
radius.

Figure 5 Schematic diagram of formation maintenance
safety threshold

According to the vertical collision analysis of two
adjacent helicopters, the height of the area can be
determined. As shown in Figure 5, the two
adjacent helicopters are located in their own
keeping areas, and the red dot position in the
figure is the most dangerous situation. The height
of the keeping area, as the height of the cylinder,
is tentatively determined, which is 0.5 times than
the predetermined height difference between the
two adjacent helicopters in the formation. The
vertical safety threshold can be expressed as

1) h, = 0.5h,

where h; represents the predetermined vertical

distance between the two adjacent helicopters in
the formation.

According to the longitudinal collision analysis, the
radius of the keeping area can be determined. As
shown in Figure 5, assuming that the reason for
the longitudinal alarm is that the rear helicopter is
faster than the front one, and the escape
maneuver is to decelerate to the same speed as
the front helicopter, the distance of escape
process should include the advancing distance in
the reaction time and the deceleration time.

The flight distance of the helicopter during uniform
deceleration can be expressed as

1 .
2 s=—at
) >

where S is the distance of deceleration during
which forward speed reduced to zero, a is the
acceleration of deceleration, and t is the time
taken by the process. Then if we regard AV as
the ground speed difference of the two adjacent
helicopters, we can get

_(Av)?
- 2a

€) S

Assuming that the helicopter keeps its nose up at
a pitch angle of « during deceleration, the
advancing distance of the escape process can be
expressed as

__(avy’

= +AV xT
2gtana

(4) dsO

where g is acceleration constant of gravity, « is

pitch angle of fuselage, and T is predetermined
pilot reaction time.

By considering a safety factor k , the distance
between two keeping areas is finally obtained as

(av)’

+AV xT)
29tano

(5) d,=k(

Based on the analysis of Figure 5, the radius of
the keeping area can be expressed as

R C\') Y
©6) rw—ido k(zgtana+AV T)}

where d, represents the predetermined

longitudinal distance between two adjacent
helicopters in the formation.

Accordingly, the formation maintenance safety
threshold of the helicopters, mainly for the
followers, are determined during the formation
flight. On this basis, the leader monitors followers
in the formation whether they exceed the warning
boundary in real time. If the warning boundary is
triggered, the risk of flight conflict may increase to
unacceptable level and it should be used to alert
pilots to keep formation.
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3. COMPREHENSIVE COLLISION
AVOIDANCE

This part mainly discusses the method of
helicopter formation comprehensive collision
avoidance and determined safety threshold of
ground collision avoidance and collision
avoidance between two helicopters.

3.1. Research Method

In this paper, the forward-looking warning
boundary of HTAWS is used as the safety
threshold for ground collision avoidance, as is
shown in Figure 6. In the course of helicopter
flying, the flight trajectory of helicopter is
calculated in time at a certain frequency, on the
basis of which the forward-looking warning
boundary of helicopter is calculated. Then the
boundary is compared with the terrain data in
topographic database, if the current warning
boundary intersects with terrain, the system will
give the ground collision alarm. The boundary is
regarded as the safety threshold of ground
collision avoidance.

Warning Boundary

Navigation Position

Topographic Database

Figure 6 Schematic diagram of safety threshold for
ground collision avoidance

Collision between helicopters is mainly avoided by
maintaining  formation. So the formation
maintenance safety threshold of the helicopters
can be regarded as the safety threshold of
collision avoidance between helicopters.

If formation maintenance and ground collision
avoidance alarms are triggered at the same time,
artificial potential energy field method is used for
compound escape maneuver.

In this paper, attractive potential field is applied to
the formation keeping center and repulsive
potential field is applied to the obstacle, then the
artificial potential energy function is constructed to
complete path planning by solving the minimum
point. The force diagram of the follower under the
artificial potential field is shown in the Figure 7,
where represents the attractive force of the
formation keeping center and stands for the
repulsive force of the obstacle.

. ) Obstacle
Formation keeping area f

F Follower Cﬁ

Leader

Figure 7 Force diagram of formation members based
on artificial potential field method

One of the most important steps in the method of
artificial potential energy field is to construct the
artificial potential function. Here is the potential
function used in this paper.

(a) attractive potential field function

1. .
7) U, =5kfp (9,9.)

where K, is attractive force scaling factor, which

is positive; p(0,0.)=0.—q is the distance

between the helicopter and the keeping center of
formation, where =1 or 2.When you take 1, the
gravitational field is parabolic, and when you take
2, it's conic.

The corresponding magnitude of attractive force
can be expressed by the negative gradient of the
gravitational potential field as

(8) F (@) =-VU,(q) =k (q.—q)

(b) repulsive potential field function

1 1 1
—k -=) Mo 0

© Uo@-12Gae ) POV
0

p(qlqu)ZpO
where K, Is the repulsive force scaling factor,

which is also positive; p(q,q,) = —q,refers to
the distance between the helicopter and
obstacle ; p, is the influence radius of the

obstacle. When p(0,q,) is greater than p,, the

obstacle will have no repulsive effect on the
formation members.

If we take negative gradient as attractive force, we
can get repulsion function

1 _L)Vp(q,qu)
(10) F@=-VU,(@)={ "p(0%) » A(a0,)

0 p(4,9,) 2 p,
The helicopter of formation moves under the
combined force of attractive force and repulsion,
which can be expressed as

p(ql qo) < pO
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(11) I:total = Ff + F

(0]

3.2. Safety Threshold

In view of the previous section has mainly
introduced the method of determining the safety
threshold of formation maintenance, the
determination of the safety threshold of helicopter
collision avoidance is mainly introduced here.

The ground, which can be seen as an obstacle in
this paper, affects helicopters in the formation
over a certain range. When the helicopter's
forward warning boundary intersects with the
terrain, the warning is generated and the pilot is
prompted to take action. The study of HTAWS
forward looking warning boundary, can be divided
into longitudinal and lateral warning boundary
study.

Firstly we discuss longitudinal warning boundaries,
which are mainly based on helicopter escape
trajectory obtained by using precise helicopter
flight dynamics model.

There should be set aside a safe distance above
ground, which is called as the minimum safe
height (AH ). According to the requirements of
the TSO-194C minimum safe height can be set to
150m , but during taking off or landing phase,
helicopter flies in low airspace, which is easily to
cause false alarm. The minimum safe height is
related to helicopter speed, landing gear
configuration and the distance from the nearest
runway to solve this problem. When the helicopter
landing gear is retracted, the minimum safe height
varies with the distance of the helicopter to the
nearest runway. When the helicopter landing gear
is lowered or fixed, the minimum safe height
varies with the speed of the helicopter. The
schematic diagram of minimum safety height is
given in Figure 8 .

AH I'm
150m
F |
i
i
i
i
1 )
« o D/mile
D 1
AH /'m
150
100~
50 |~
L L V [ knot
0 40 80 120 160

Figure 8 Schematic diagram of minimum safety height

The minimum safe height is designed to offset the
helicopter escape trajectory down by a certain
distance, leaving a certain safety margin for the
helicopter to escape. Figure 9 shows the
schematic diagram of longitudinal boundary. In
addition, when the helicopter flies over the ridge at
a low altitude, additional boundary clipping is
required to avoid false alarms.

As mentioned above, the position of the helicopter
in the flight process has certain lateral uncertainty,
so the warning boundary should have a certain
width. Figure 9 shows the schematic diagram of
lateral boundary. The initial width of the warning
boundary can be set manually as required, for
example, to 60m. The center line extends in the
direction of the escape trajectory. The final lateral
boundary can be obtained by taking the center
line as the reference and extending forward with a

certain deviation angle ¢ . The boundary width, L

at a certain distance in front of the helicopter,
X ,can be expressed as

(7) L=L,+2xtan¢&

The longitudinal boundary and the lateral
boundary constitute the forward - looking warning
boundary, just as follow diagram shows.

Escape trajectory

Lateral warning boundary

Figure 9 Schematic diagram of forward - looking
warning boundary

4. NUMERICAL EXAMPLE SIMULATION

A numerical example is simulated by MATLAB to
verify the correctness of the proposed method.
Following is a description of the scene settings for
the numerical example simulation in this paper.
"Leader-follower" mode is adopted by the V-
shaped formation, of which the number of leaders
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is 1 and followers is 4. The followers have all
deviated from the formation. The location
relationship between the leader and followers are
shown in Figure 10.

Follower 3

(:) Follower 2

O
O Follower |

Follower 4

Y-coordinate

O Leader

X-coordinate

Figure 10 Horizontal plane projection of leader and
followers’ location

The leader flies higher than followers, the leader
moves horizontally and uniformly along the X-axis.
The initial speed of the leader is the same as that
of followers. According to the leader flying track
and the basic parameters of formation, the
followers’ theoretical flying track points are
automatically generated. For research
convenience, a rectangular coordinate system of
flight horizontal plane is established, which takes
the north as the Y-axis positive direction and the
East as the X-axis positive direction. The
coordinate origin is fixed, and the maneuverability
of the followers are sufficient to support all kinds
of fast-changing steering flight.

Based on the simulation scene, the formation
flying track without or with obstacles are simulated,
which are shown in Figure 12 When the formation
flying into the obstacle impact area, based on the
formation collision avoidance algorithm proposed
in this paper, the flying path of followers will
deviate, and the final results show that the
formation as a whole has achieved successful
obstacle avoidance.

Leader-Follower frack

2000 .
r Leader i
O Follower 1
Follower 2
1300 Q  Follower 3
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509 i L i L
-500 0 500 1000 1500 2000
X-coordinateim

Figure 11 Horizontal plane projection of formation flight
track without obstacles
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Figure 12 Horizontal plane projection of formation flight
track with obstacles

After getting rid of obstacles, the formation
members return to the formation keeping area
after a period of time under the force of the
formation keeping center and complete the
formation maintenance. The simulation results are
shown in Figure 13.

Leader-Follower track
2000 ; r r r
Obslacle
7 Leader
©  Follower1 | |
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o 1000 2000 3000 4000 5000 6000 7000
X-coordinate/m

Figure 13 Horizontal plane projection of flight track for
formation maintenance

To summarize, the simulation results of this
numerical example verify the correctness and
feasibility of the safety prompt method mentioned
in this paper.

5. CONCLUSION

Aiming at the formation maintenance and
comprehensive collision avoidance of the
helicopter formation under "Leader-follower" mode,
a safety prompt method is proposed. This method
is based on the artificial potential field method to
maintain formation and prevent collision of terrain
and other formation members, which prompts
helicopter to perform compound escape
maneuver when it encounters obstacles and
deviates from formation. After determining the
research method, the safety threshold of
formation maintenance and comprehensive
collision avoidance during helicopter formation
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flying is discussed. Finally, the correctness of the
method is verified by numerical simulation.
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