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Abstract

An improved artificial potential field approach (APFA) is proposed

for unmanned surface vehicle (USV) in path planning. The proposed

approach can effectively avoid easily falling into local minima, also,

plan the optimal path. Firstly, a map of the Marine environment

is established, and the obstacle is treated with circular expansion.

Especially, the expansion coefficient is introduced to ensure the

safety of navigation. Secondly, aiming at the local minimum problem,

a rotation angle formula satisfying its own maximum rotation angle

and angular acceleration constraints is constructed, so that a path

to avoid local minimum is planned. Moreover, the local minimum of

the complex environment is considered, the virtual repulsive force

potential field is constructed to generate virtual repulsive force on

USV to avoid local minimum. Numerical simulation results show

that the proposed approach can complete path planning under

different complex and special environments.
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1. Introduction

The unmanned surface vehicle (USV) is an autonomous
marine vehicle. The USV has become an indispensable
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tool in the fields of marine scientific research, resource
development, and environmental monitoring [1]. Autonomy
is an important feature of USV development and path
planning plays a vital role in the development of
USV autonomy.

Path planning is related to USV mission execution
efficiency and navigation safety. Path planning is mainly
divided into two categories: global static path planning
with known complete map information and local dynamic
path planning with real-time update of some map
information. At present, the algorithms of global static
path planning mainly include A* algorithm [2], [3],
particle swarm optimisation algorithm (PSO) [4]–[6], ant
colony algorithm [7], [8], genetic algorithm [9], [10],
neural network algorithm [11], [12], and artificial potential
field approach (APFA) [13], [14]. The APFA has the
advantages of short calculation time, simple principle, and
smooth generation path. It is widely used in USV path
planning.

The APFA was originally a virtual potential field
method constructed by Oussama [15] when he studied
the manipulator arm. Wu et al. [16] proposed a new
lane changing of autonomous vehicles algorithm. Victor
et al.[17] proposed a new dynamic fractional repulsion force
based on the speed of the obstacle. To sum up, although
the references improve the practicability of the algorithm
to a certain extent, it is easy to fall into the local minimum
problem without considering the APFA.

For the local minimum problem, some scholars solve it
by merging with other algorithms. For example, Xu et al.
[18] introduced the decreasing coefficient of potential field
resultant force. Zhang et al. [19] combined the attraction
of target points in the force field with RRT. Lee et al.
[20] added an adjustment factor to change the repulsion
potential field function. Chen et al.[21] introduced the
collision risk degree to determine the impact distance
of obstacles. The literatures solve the traditional local
minimum problem of APFA to a certain extent, but do not
consider the local minimum problem in complex special
environment.

This paper mainly solves the local minimum
problem of path planning of surface unmanned craft
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Figure 1. Obstacle model diagram.

by using the traditional artificial potential field
method.

2. Problem Description

2.1 Environmental Modelling

At sea level, most obstacles encountered by USV are islands
or reefs. The circular expansion method is used to simplify
the complexity of modelling, and the expansion coefficient
is introduced to avoid the stranding of USV and ensure the
safety of USV.

As shown in Fig. 1, the circle enclosed by the dotted
line is the envelope circle of the obstacle, the center of
the circle is marked as (xi, yi), the radius is marked as ri,
and i is the serial number of the obstacle. The expansion
coefficient ρ is set as n times of the radius ri of the
obstacle envelope circle (in this paper, n = 0.48). The
envelope circle with increased expansion coefficient is taken
as the restricted navigation zone covering the obstacle,
that is, the solid line circle in Fig. 1, and its radius
Ri = ri + ρ.

2.2 Artificial Potential Field Approach (APFA)

The core idea of APFA was inspired by natural potential
field in physics, the mathematical function of this action
mechanism is applied to the environmental model of USV.
The initial point position is qs = (xs, ys)

T . The target point
position is qg = (xg, yg)

T . The gravitational potential field
Ua(q) is established for qg. The obstacle position in the map
is qo = (xi, yi)

T , i = 1, 2, . . ., and the repulsive potential
field Ur(q) is established for the obstacle. USV real-time
position q = (x, y)T , so the potential field function U(q) of
USV at position q is expressed as:

U(q) = Ua(q) + Ur(q) (1)

where the equation of gravitational potential field Ua(q) is:

Ua(q) = 0.5µρ2(q, qg) (2)

where µ is the gain coefficient of the gravitational potential
field. ρ(q, qg) is the distance between q and qg. Since the
gravitational direction is USV pointing to the target point,
the negative gradient of Ua(q) is obtained and the equation
of gravity Fa(q) is obtained as:

Fa(q) = −∇Ua(q) = −µ(q − qg) (3)

Figure 2. Stress analysis diagram.

The equation of repulsive potential field Ur(q) is:

Ur(q) =

 1
2η
(

1
ρ(q,qo)

− 1
ρ0

)2
, ρ(q, qo) < ρ0

0 , ρ(q, qo) ≥ ρ0
(4)

Then the repulsion force Fr(q) is:

Fr(q) =

 η
(

1
ρ(q,qo)

− 1
ρ0

)
1

ρ2(q,qo)
, ρ(q, qo) < ρ0

0 , ρ(q, qo) ≥ ρ0
(5)

where η represents the gain coefficient of the repulsive
potential field. ρ0 is the influence range of the repulsive
potential field. ρ(q, qo) represents the distance between the
current position qand the obstacle qo. The resultant force
q at position F (q) is expressed as:

F (q) = Fa(q) + Fr(q) (6)

USV moves according to the resultant force direction to
update the real-time position. The specific update methods
are as follows:

q(t+ 1) = q(t) +
F (q)

|F (q)|
· v (7)

where q(t + 1) is the position at time t + 1, q(t) is the
position at time t, and v is the navigational speed.

USV moves according to the resultant force direction.
If the resultant force is 0, USV cannot move according to
the direction of resultant force. USV will fall into a local
minimum.

3. Improved Artificial Potential Field Method

3.1 Construct Rotation Angle Equation

In order to solve the local minimum problem, [22] has
carried out theoretical analysis and simulation verification
on four methods, such as obstacles are wound around,
obstacle repulsion is increased, subhead punctuation is
automatically added and subhead punctuation is manually
added. These methods fall into the local minimum and
then break away from the local minimum, which leads to
low obstacle avoidance efficiency, poor security, path jitter,
and other problems.

As shown in Fig. 2, when gravity and repulsion are
collinear and opposite, the USV may fall into the local
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minimum if it continues to drive forward. Therefore, at
this time, according to the real-time position of USV
and obstacle information, the rotation angle equation is
constructed to leave the influence range of obstacles, so as
the USV gets rid of the local minimum.

When Fr(q) is collinear opposite to Fa(q), the following
equation shall be satisfied:

Fr(q)/Fa(q) < 0 (8)

If the above equation is satisfied, the position is
recorded as qv and the corner equation is constructed:

θ =

(
1−

ρ
(
q, qmin

o

)
− ρ0

ρ0 −R

)
θmax (9)

where θ is the rotation angle, θmax is the maximum
rotation angle, ρ(q, qmin

o ) represents the distance between
q and the nearest obstacle qmin

o of the USV within the
influence range of the repulsive potential field. When the
USV is at the edge of the actual range of the obstacle,
if (8) is satisfied. ρ(q, qmin

o ) → R, then θ → 2θmax,
USV rotates its maximum angle twice in a row to
avoid obstacles. To avoid path mutation caused by too
large rotation angle, the angular acceleration equation is
constructed:

θcurr(t) = θcurr(t−∆t) + ωmax ·∆t (10)

where θcurr(t) represents the current angle, θcurr(t − ∆t)
represents the angle at the previous time, ∆t represents
the sampling interval, and ωmax represents the maximum
angular acceleration of USV.

In order to ensure navigation safety, when USV is
no longer close to obstacles, the USV keeps the current
heading unchanged, that is, when the real-time position of
USV meets:

ρ(q(t), qmin
o ) > ρ(q(t− 1), qmin

o ) (11)

where q(t − 1) is the position of USV at the previous
time. If the position relationship between the USV at
this moment and the previous moment satisfies the above
formula, it indicates that the USV at this moment is far
away from the nearest obstacle and the current course
is a safe course. The USV keeps the current course
and continues to move forward to ensure navigation
safety.

The USV updates the real-time position according to
the current angle, that is:

q(t+ 1) = q(t) + v · [cos(θcurr), sin(θcurr)]
T (12)

3.2 Establishment of Virtual Repulsion
Potential Field

When the obstacle environment is complex, as shown in
Fig. 3, the USV represented by the dotted line in the
figure can get rid of the local minimum problem by using
the method described in Section 2.1.

To avoid falling into the local minimum again, the
virtual repulsion is added to exert a repulsion on the USV

Figure 3. Complex environment diagram.

away from the local minimum. Adding virtual repulsion
should satisfy:

ρ(qs, qj) < ρ(qs, qv) (13)

where qj is the position where USV gets rid of the local
minimum, ρ(qs, qj) represents the distance between qs and
qj , and ρ(qs, qv) represents the distance between qs and qv.
If the requirements are met, qv is added to the v list virtual
repulsion table to construct the virtual repulsion potential
field Uv(q). The equation of Uv(q) is as follows:

Uv(q) =

 1
2ηv

(
1

ρ(q,qv)
− 1

ρv

)2
, ρ(q, qv) < ρ(q, qg)

0 , ρ(q, qv) ≥ ρ(q, qg)
(14)

Then the virtual repulsion Fv(q) is:

Fv(q) =


ηv

ρ2(q,qv)

(
1

ρ(q,qv)
− 1

ρv

)
, ρ(q, qv) < ρ(q, qg)

0 , ρ(q, qv) ≥ ρ(q, qg)
(15)

where ηv represents the gain coefficient of Fv(q). ρv is the
influence range of Fv(q). ρ(q, qv) represents the distance
between q and qv. After adding the Fv(q), the F (q) at q is
expressed as:

F (q) = Fa(q) + Fr(q) + Fv(q) (16)

4. Algorithm Implementation Process

S1: Map initialisation: The model of obstacles in the map,
qs and qg are established.

S2: Algorithm parameter initialisation: µ and η are
determined.

S3: Whether the real-time position q reaches qg needs to
be judged. If so, the process of path planning is ended.
Otherwise, it carries out S3.1.

S3.1: The Fa(q) and Fr(q) on the current position are
calculated according to (3) and (5).

S3.2: According to (8), it is judged whether Fa(q) and
Fr(q) of the position q are collinear and opposite. If
so, the position is recorded as qv, and it is executed
as S4. Otherwise, S3.3 is executed.
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Table 1
Algorithm Parameters

Parameter Symbol Value Unit

Maximum angle θmax 0.550 rad

Maximum angular acceleration ωmax 0.088 rad/s2

Speed v 19.400 kn

Gain coefficient of the gravitation u 9.000 –

Gain coefficient of the repulsion η 0.300 –

Figure 4. Map 1: Simulation results of traditional artificial potential field method: (a) route plan diagram; (b) angle change
diagram; and (c) angular acceleration change diagram.

S3.3: The v list is judged whether to be empty. If so, F (q)
is calculated by (6). Otherwise, Fv(q) and F (q) are
calculated by (15) and (16). q is updated by (7) and
returns S3.

S4: The USV continues to approach the obstacle is judged
using (11). If so, θcurr according to (9) and (10)
is calculated. q is updated using (12). If not, USV
maintains current course until the USV leaves the
range of influence of the nearest obstacle and S5 is
returned.

S5: The virtual repulsion potential field is judged
according to (13). If so, the virtual repulsive potential
field is constructed by adding qv, then it returns to S3.
If not, it returns to S3.

5. Simulation Verification

In order to verify the improved algorithm, two maps are
constructed for simulation. The two maps contain a single
obstacle and a U-shaped obstacle. The values of algorithm
parameters are shown in Table 1.

5.1 Simulation of Local Minimum Problem of
Single Obstacle

The improved algorithm, wounding around obstacles
algorithm [22], and unimproved algorithm in this paper
are used to carry out path planning in Map 1(with a
scale of 6 × 5 km). As shown in Figs. 4–6, the qs is
(3,0), the qg is (3,5), and the center of the obstacle
is set at (3,2.5). The path planned by the traditional
APFA is shown in Fig. 4(a), it falls into local minimum
at (3, 1.7). The angle change is shown in Fig. 4(b), it
falls into local minimum at 175 s. Then USV jumps

between 1.571rad and −1.571radat 175s− 185s. Similarly,
the angular acceleration jumps between 3.142rad/s2 and
−3.142rad/s2 as shown in Fig. 4(c). If the algorithm is
directly applied, USV will fall into local minimum, which
is easy to cause danger.

The results of the obstacles are wound around
algorithm are shown in Fig. 5. In Fig. 5(a), compared
with the traditional APFA in Fig. 4(a), the USV reaches
the local minimum at 175 s in the compared algorithm.
After three oscillations, the USV looked for the nearest
point at the edge of the obstacle potential field at 179 s.
Therefore, the USV angle is abrupt, and then it moves
around the obstacle potential field and finally reaches the
target point. The angular variation of USV is shown in
Fig. 5(b), with dramatic angular changes in many places.
The angular acceleration of USV is shown in Fig. 5(c),
and the angular acceleration change is not smooth enough
to be applied practically.

The path planned by the improved APFA is shown in
Fig. 6(a), the local minimum is successfully avoided. The
change of angle is shown in Fig. 7(b). At 175 s, the USV
falls into a local minimum. The attraction and repulsion
are collinear and opposite. The rotation angle is calculated
according to (9). The update angle is calculated by (10).
The obtained angle changes smoothly and the path is
smooth. The change of angular acceleration is shown in
Fig. 7(c) and does not exceed 0.088rad/s2.

5.2 Simulation of Local Minimum Problem of
U-shaped Obstacle

The improved algorithm, wounding around obstacles
algorithm [22], and unimproved algorithm in this paper
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Figure 5. Map 1: Simulation results of wounding around obstacles algorithm: (a) route plan diagram; (b) angle change
diagram; and (c) angular acceleration change diagram.

Figure 6. Map 1: Simulation results of improved artificial potential field method: (a) route plan diagram; (b) angle change
diagram; and (c) angular acceleration change diagram.

Figure 7. Map 2: Simulation results of traditional artificial potential field method: (a) route plan diagram; (b) angle change
diagram; and (c) angular acceleration change diagram.

Figure 8. Map 2: Simulation results of wounding around obstacles algorithm: (a) route plan diagram; (b) angle change
diagram; and (c) angular acceleration change diagram.
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Figure 9. Map 2: Simulation results of improved artificial potential field method: (a) route plan diagram; (b) angle change
diagram; and (c) angular acceleration change diagram.

are used to carry out path planning in Map 2 (with a
scale of 6 × 6 km). As shown in Figs. 7–9, the qs is
(3,0) and the qg is (3,6), U-shaped obstacle means that
the obstacles are arranged in a U-shape. The model is
established as shown in Figs. 7–9(a). The path planned
by the traditional APFA is shown in Fig. 7(a), which falls
into a local minimum at (3, 2.21). The changes of angle
and angular acceleration are shown in Fig. 7(b) and 7(c),
which are similar with Fig. 4(b) and 4(c). At 222 s, USV
falls into a local minimum, at t = 222− 232s, angle jumps
and oscillates repeatedly.

The results of the wounding around obstacles
algorithm are shown in Fig. 8. In Fig. 8(a), compared
with the traditional APFA in Fig. 7(a), the USV reaches
the local minimum at 221 s in the compared algorithm.
After three oscillations, the USV looked for the nearest
point at the edge of the obstacle potential field at 225 s.
Therefore, the USV angle is abrupt, and then it moves
around the obstacle potential field and finally reaches the
target point. The angular variation of USV is shown in
Fig. 8(b), with dramatic angular changes in many places.
The angular acceleration of USV is shown in Fig. 8(c),
and the angular acceleration change is not smooth enough
to be applied practically.

The path planned by the improved APFA is shown
in Fig. 9(a), which is at (3, 2.21), that is, the collinear
opposite position of gravity and repulsion. The rotation
angle equation is used to turn, USV avoids the local
minimum and reach the target point smoothly. The angle
change is shown in Fig. 9(b). The virtual repulsion table
is added to the local minimum to increase the virtual
repulsion away from the local minimum. The change of
angular acceleration is shown in Fig. 9(c). The overall
trend does not exceed the maximum angular acceleration
limit, because the environment is complex and there are
many abrupt changes in angular acceleration.

Conclusion

Local minimum is an inherent problem in traditional
artificial potential field method for path planning. In this
paper, the improved algorithm is proved by simulation and
the results show that in the collinear opposite position of
gravity and repulsion, the rotation angle equation between
the obstacle position and USV position is constructed.
The local minimum can be avoided successfully. In the
complex and special environment, the virtual repulsive

potential field is established to keep USV away from the
local minimum and to avoid USV falling back into the local
minimum.
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