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Vector Field Guidance
for Path Following and Arrival Angle Control

Seunghan Lim, Wooyoung Jung and Hyochoong Bang

Abstract—This paper focuses on unmanned aircraft guidance
laws for a straight path and a circular orbit following using the
vector field approach. The vector fields introduced in this paper can
be applied to not only path following, but also other purposes such
as arrival position, angle, and time control. Therefore, they could be
applied to various missions providing advantages over other
previous vector fields. Stability and performance of the path
following has been proved and analyzed using the classical control
theory. And simulation using a six degrees-of-freedom aircraft
model shows that these guidance laws are effective for the missions
even under the existence of wind disturbance.

Index Terms—Vector field, vector field guidance, path following,
trajectory tracking, arrival angle control, unmanned aircraft (UA),
unmanned aerial vehicle (UAV).

I. INTRODUCTION

NMANNED aircraft(UA) have been considered to be

one of the cost-effective approaches for target tracking,

reconnaissance, and surveillance missions. Development
costs and manufacturing efforts for UA are being reduced,
whereas operational reliability is being increased. Therefore,
UA are being applied to not only actual battle fields, but also
civilian areas.

Typically, waypoints and paths are planned before UA are
operated. Eun and Bang studied a cooperative task assignment
and path planning approach for multiple UA [1]. They used
the genetic algorithm to solve optimal problems. Moon et al.
presented the hierarchical framework for task assignment and
path planning in a dynamic environment [2]. Lim and Bang
suggested strategies to establish waypoints for a surveillance
mission using multiple UA [3].

After planning waypoints, paths are then planned by
connecting each point together. When there are some
constraints, the paths are planned by utilizing various
geometric curves instead of straight lines. Chitsaz and LaValle
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used the Dubins path to generate time-optimal paths [4].
Shanmugavel et al. also employed the Dubins path to plan for
cooperative missions [5]. Bézier curves are often introduced to
satisfy an arrival angle to the waypoint [6, 7].

After planning paths, guidance laws are designed for path
following. Park ef al demonstrated performance and stability
for the nonlinear path following guidance method [8, 9].
Bhatia ef al. designed a controller for commercial autopilots to
track the Dubins path [10]. Kim and Kim proposed nonlinear
guidance law combined with pseudo pursuit guidance [11].
Kaminer ef al. presented a path following algorithm using L,
adaptive augmentation for conventional autopilots [12].

The vector field approach is a well-known tool for guidance
problems. This concept has been applied to different types of
vehicles, such as wheeled, underwater, and aerial vehicles.
Frew et al. presented a control structure for the standoff target
tracking problem using cooperative fixed-wing aircraft [13].
They proved stable convergence to a circular orbit using
Lyapunov stability theory. Gongalves ef al presents a
time-varying vector field based approach [14]. Frew
suggested a scheme to operate cooperative vehicles with range
and bearing sensors [15]. The mission was tracking an
uncertain moving target. The algorithm they introduced
transforms a vector field for a circular orbit into an ellipsoidal
orbit. Summers and Akella also studied target tracking using a
vector field, and they further developed the Lyapunov
guidance vector field [16]. They considered an unknown
moving target motion and wind, and established information
architectures modeled by rigid graph theory. Zhu and Wang
dealt with the problem of tracking an adversarial target using a
vector field [17]. Lawrence et al. also designed a vector field
for a circular orbit [18, 19]. They were defined in three
dimensions, and the degree of attraction force could be
controlled by a guidance parameter.

Lei et al. designed a vector field for path following in the
Polar Regions using a small UA [20]. They focused on wind
disturbance due to the wild environment of the Polar Regions;
therefore, they used concepts of a vector field and sliding
mode control simultaneously to increase the path following
performance. Degen ef al. extended the concept of a vector
field into a tensor field [21]. Typical vector field guidance
doesn’t consider arrival time; however, they included time
information in a vector field to satisfy an arrival time
constraint with the dimension extended. Nelson ef al
developed a path following based upon a concept of a vector



field [22]. They suggested two kinds of vector field guidance.
One was for a straight path following, and the other one was
for a circular orbit following. They generated course
commands using a vector field; proved stability based upon
sliding mode control; and introduced three types of
combinations for path planning. The algorithms were verified
by real flight tests. Meenakshisundaram ef al. also designed a
vector field for path following, however, one major difference
was that it was designed in three dimensions [23].

This paper focuses on path following using the existing
vector field approaches of [7, 24]. In fact, many vector fields
have already been released for path following problems;
however, the vector fields studied recently by Lim and Bang
were shown to satisfy more constraints, such as arrival angle,
and time. In this paper, path following strategies using the
vector fields are suggested with analysis of performance. Then,
the vector field can be applied, not only for path following, but
also for surveillance, simultaneous attack, etc. Therefore, a
software structure becomes simple, and serviceability for
design and operation is improved, even if UA are engaged in
complex missions.

II. PROBLEM DESCRIPTION

This paper considers guidance laws for UA flying at
constant altitude; therefore, a simple dynamic model is used as
below.

X=vcosy
y=vsiny |
1’1=—(v—vd)/rx M

1=~(r=2)%,
where v and y are ground speed and course, respectively,
while x and y axes indicate north and east, respectively. <a>
represents a function which wraps a to the interval [-7, 7 ].
The maximum absolute value of dvw/d¢ and d y /dt are
restricted to 3m/s” and 30deg/s, respectively. The subscript d
means a desired value, which should be tracked. 7, and 7,

represent time constants. The geometric relationships are
defined in Fig.1. Equation (1) includes kinematics of an
aircraft relative to airflow, and wind relative to the inertial
coordinate frame. The vector fields in this research are
designed to generate ground speed and course commands.
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Fig.1 Geometric relations.
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Hence, the associated controller should be designed for the
purpose of tracking desired trajectories.

A vector field is constructed to achieve specific purposes. It
is designed to generate vectors around a path to allow the UA
to follow it. Vectors imply magnitude and direction, and they
are used for ground speed and course commands. In the next
section, basics of the vector field approach are introduced,
which will be used for the guidance laws of UA in this study.

III. VECTOR FIELD GUIDANCE

Three vector fields and their characteristics are addressed in
this section. The two of them were already proposed in [7, 24].
They were designed to control arrival angle and time; however,
they are employed for a different purpose in this research, that
is, path following. The other vector field is newly proposed for
the same purpose.

The first vector field is defined as follows [7]:

M P
o] 1+ plr? pr’

where p, is a parameter, which determines the configuration of
the field, and the magnitude of (2) is always equal to v,. The
sign of p, determines the direction of circular motion. The
positive and negative parameters generate clockwise and
counterclockwise vectors, respectively. And, the absolute
value of p, determines the degree of approaching velocity to
the origin. Fig.2 shows examples of the vector field in (2). The
bold lines represent the path of a particle on the field when it
follows the vectors exactly.

An UA may be guided to satisfy the constraint of the arrival
angle by using the vector field in (2). A corresponding
parameter should be determined to satisfy the constraint, and it
can be derived by using the chain rule as

0-0
p, = 0-6) A3)

B
Where 6, is a desired arrival angle with regard to polar

coordinates, of which the origin is a waypoint. The arrival
time can be controlled, since the length of the path can be
computed analytically. When constant speed is assumed, the
desired speed is determined as

—p, 1+ pfr2 —sinh™ (pnr)

2p.t

o’r

0

“4)

Vd=

where £ is the remaining time until the desired arrival time [7].
The second vector field is defined as follows [22]:

|: 4 :| Va [_(’,2 1 )}
= %)
ro \/r4+(pf—2)1;,2rz+rd4 prr

where p,; determines the configuration of the field, and the
magnitude of (5) is equal to v; The positive and negative
parameters generate clockwise and counterclockwise vectors
around the origin, and the absolute value of p, determines the
degree of approaching velocity to the loitering circle, for
which the radius is r,. Fig.3 shows examples of the vector field.




Equation (5) is the same as the Frew et al.’s vector field of [13]
when pyis equal to 2. The bold lines represent the path of the
particle of the field.

The arrival position outside the loitering circle can be
controlled by using (5). If the desired arrival position is
represented relative to the origin of the loitering circle, the
appropriate parameter is determined such that

2(60-6,)
g(r.r)-g(n.n)
where r > 1, > 1y, (1, , 6, ) represents the desired arrival position,

p=- (6)

and the function g(a,b) is defined as

And speed command is generated to control the arrival time as

vy = —%zf\/l+{(p1rdr)/(r2 -7 )}2 dr. (8)

The above equation cannot be solved analytically; therefore,
the desired speed is computed numerically. This vector field
has been designed to make an UA capture a target
simultaneously [24].

The second vector field is useful to reconnoiter or track a
target. However, it is difficult, due to the nonlinearity of (5), to
analyze the performance of a circular orbit following when a
dynamic model includes a time-delay. Therefore, we suggest
another vector field to follow a circular orbit.

g(a,b)=In(a-b)-In(a+b). 7
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Fig.4 Examples of the vector field in (9).
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The magnitude of the above vector is always v, It is
worthwhile noting that p, also determines the configuration of
the field, and positive and negative parameters generate
clockwise and counterclockwise vectors around the origin,
respectively. A particle on the field with the smaller |p/] is
pulled more toward the loitering circle, for which the radius is
1. Fig.4 shows examples of the vector field. The bold lines
represent the path of the particle. Arrival position can be also
controlled when the proposed field is applied.

The vector field in (9) guides a particle to the desired
position with the following guidance parameter.

(0-9)

In(r—r,)-In(r,—r,)
where r> r;> r; One can derive dr7d¢and d 8 /dz from (9), then
d7d @ can be computed by the chain rule. After integration,
the guidance parameter p, is computed. If a particle on the
field follows the vectors exactly, p. remains constant until it
arrives at the desired position. Using this assumption, the
length of the path can be computed from dz/d¢as

®

p=— (10)

s r—r) + pir’
L=[v,de=-] (r=n) +P. (11)
0
where /, is the length of the remaining path. If # is given and
assumed to have constant speed, then the desired speed is
2 2.2
) +pr
.= ’ (12)
The course commands are generated based on the vector
fields, and they are

X :9+atan2(r9,f). (13)

For the vector fields above, each time derivative of (13) could
be derived analytically, so that it could be applied to improve
the performance of course command tracking. In the
following section, we propose how to determine the guidance
parameters of the vector fields in (2) and (9) for path
following.

IV. PATH FOLLOWING USING VECTOR FIELD GUIDANCE

In this section, we analyze the performance of path
following with the vector fields introduced in the preceding
sections. Most paths for a waypoint flight are planned by
combinations of straight and circular segments. The vector
fields (2) and (9) are a straight path and circular orbit
following, respectively. The methods are introduced in the
following subsection A and B, respectively.

A. Straight Path Following

An UA can follow a straight path based upon (2) when the
vector field parameter is determined by
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p,=K,(0-0,) (14)
where K, is a negative parameter, and it plays the role of a
proportional gain to eliminate error from the straight path. The
angles of the above equation are defined with regard to polar
coordinates, of which the origin is on the following waypoint.
0 is the angular position of the UA, and 6, is the angle of the

straight path. It is well described in Fig.5.

The vector field in (2) is linearized to prove the guidance
stability and analyze the tracking characteristics. Without loss
of generality, the desired straight path can be assumed as a
path from the north to the south, that is, 8, is 0. And the

coordinates can be approximated when the angular error is
small enough, that is, | & |[<<1.

xX=r
y=ro (15
Therefore, (2) is approximated as
- K
% z—vz’ NV—OJ’Z (16)
1[1+(K0y) 1+(K0y)

when p, = K,6. Then the partial derivative of (16) with
respect to yis
vK _VRy 3.2
vK, K y +2vK
2,/1+ K
y .7
5y 1+(K,y)’
Hence, (16) is linearized around y= 0 such that
7=vK,y. (18)

If | K,y |<<l, the high-order terms of (16) can be eliminated;
therefore, (18) could be considered reasonable. As it can be
seen in the equation linearized above, if K, is negative, y
always converges to 0, which indicates a stable behavior.
However, this conclusion cannot be guaranteed when the
tracking dynamics includes a time-delay.

If there is a time-delay when an UA tracks dy/d¢ the
system model can be expressed as

_fo 1 0
H= o L M+Ly'd (19)
y R
k= WP,
o]
z
w| WP )
&

Fig.5 Geometric relations.



where 7 is a time constant. When (18) is employed as the

guidance command, then the model is expressed as follows:

) 0 1
P } =l vk, 1 {y, } . (20)
y ? _T_y y
The characteristic equation of the above model is
Prdse e 1)
T, T,

where s is a Laplace transformation variable. Hence, the
desired damping ratio and the natural frequency are
1 —vK
0= ;0= . (22)
Za)ory T

where ¢ and @, are the damping ratio and the natural

frequency of the straight path following dynamics. We can
guess the path following performance with regard to K, using
(22) when 7, is known. 7, is approximately equal to 7,

when the speed is not too fast. 7, depends on the performance

of the controller to track a course command. If an UA is
commanded to follow a straight path smoothly, then the
desired damping ratio could be set to 1. Consequently, K, is
decided to be -0.02 by (22) with &, =1, 7, =0.5(sec), and

v=25(m/sec). Fig.6 shows examples of the straight path
following using (2) and (14).

B. Circular Orbit Following

If p.# 0, the vector field in (9) always converges to a
loitering circle. Therefore, any values except for p=0 can be
used. However, if the tracking dynamics include a time-delay,
then the large absolute value of p. cannot guarantee the
stability of convergence. In this subsection, we introduce a
method for deciding an appropriate p. for circular orbit
following with the desired performance.

If r=ry (9) can be approximated as

M, r ~sgn(p,)v (23)
pc rd
where sgn(a) is a function which returns the sign of a. If

7=

(r—r,)=y,, then

=’
§ o= e (24)
pc rd

As one can see in the above equation, y, always converges to 0.

However, if there is a time-delay when an UA tracks dy,/dz,
the system model becomes

o 1 0
P}z 1 [yf‘} 115, (25)
yC 0 - y(? -

T T

where 7, is a time constant. When (24) is used as the

guidance command, then the above model can be rewritten as
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. 0 !
F@}: —y 1 {y} (26)
Y. L)
pc' rdTr 7'-r

Then, the characteristic equation of the above model is given
by
, 1 %
ST+—s+
TV pC
Hence, we can get the damping ratio and the natural

frequency.

= 0. 27)

rd Tr

L o= [ (28)
pc rd Tr

where ¢, and w, are the damping ratio and the natural

-

= b
2m,7,

frequency of a circular orbit following. One can guess the
performance of circular orbit following with regard to p. using
(28) when 7, is known. 7, is approximately equal to 7,

when the speed is not too fast. If an UA should track a circular
orbit asymptotically, then the desired damping ratio is equal to
1. Consequently, p, is selected to be 0.33 by (28) with § =1,

7.=0.5(sec), and ¥=25(m/sec). Figs.7 and 8 show examples of

circular orbit following using (9).

At this point, it is necessary to address the steady-state error
issue. When an UA follows the vector field in (5) or (9)
exactly, it always converges to the desired loitering circle
asymptotically. However, it should be noted that steady-state
error exists when the tracking dynamics include a time-delay,
as in Figs.7 and 8. The error is issued because of a
continuously varying course command. When r > 1, the time
derivative of the desired course satisfies

. v
0<[z,|<—. (29)
1y
Therefore, the steady-state error of the system becomes
0<lim|y—z,|<~7,, (30)
t—x 7 ~

d

where the command input for the circular orbit following can
be assumed to be a ramp function when r= r,. Equation (30)
shows that the steady-state error of the radius always exists.

When the UA is close to a specific circular orbit, for which
the radius is greater than r, the time derivative of the course
command is approximately equal to the derivative of the
desired circular orbit, that is, v/r, Therefore, the below
relationship can be established from (1) and (30) such that
M:Z:j{d:l, 31)

T, r,

Without loss of generality, we can assume that the UA
approaches a specific circular orbit, and the radius of the orbit
is 75 and the angular position of the UA is 0. Note that ry is
always greater than 7, due to a steady-state error of the course.
Since the UA is close to the orbit and the angular position is 0,
the course and the command at this point become 7 /2 and
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X = 6’+atan2(r9,f) = atanZ(pci;S,—(l;S -, )), (32)

respectively. The above equation is determined by (9) with the
function atan2(y, x) is the fourth quadrant arctangent function,
and atan2(y, x) € [- 7, 7 ]. After substituting (32) into (31),
then
tan(v,z, /v, +7/2
Sl (33)
D+ tan(vdrl 1+ 7[/2)

One can see the estimation results of the radius of the orbit in
Fig.7, and verify that the results are well predicted.

V. STRATEGIES FOR WAYPOINT FLIGHT

Using the methods in the preceding section, strategies for a
waypoint flight are suggested in this section. After planning
waypoints, paths are planned by combinations of straight and
circular segments in most cases. Nelson ef al. suggested the
combinations in [21]. Three types were proposed, and their
purposes were to preserve equal path lengths, for flying
through the waypoints, and minimizing the path lengths. We
consider just one case in this study, that is, flying through the
waypoints. As mentioned in section II, the UA is under
dynamic constraints. The maximum absolute value of dv/d¢
and d y /dtare restricted to 3m/s” and 30deg/s, respectively.

A. Straight Path Following

In this subsection, the case of flying through the waypoints
using only a straight path following is analyzed. There are two
simulation results in Fig.9. In these simulations, only the
vector field of (2) is used. In the simulation #1 and #2, each
simulation contains two straight paths with contained angles
15deg and 135deg, respectively. The speed of the UA is 25m/s,
the time constant is 0.5, and the desired damping ratio is
0.707.

B. Straight Path Following and Arrival Angle Control

In this subsection, flying through the waypoints using a
straight path following and arrival angle control approaches is
analyzed. Let us define some geometric relations first defined

Simulation #1
e o -
50 M
E : : : :
£ 100 oo P Sy - T
5 : b
c
L e R S e e N
i i P i i i
0 100 200 300 400 500 600
Simulation #2
£
=
=
o
=

i i i i i
0 200 400 600 800 1000
east (m)

Fig.9 Path following simulation results for a straight path following.
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in Fig.10. The WP, is a point, where the UA changes guidance
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Fig.11 Introduction how to determine 7;,.

mode from straight path following to arrival angle control. r, is
the distance from WA to WP, 1, is a bisector, which divides Simulation #3

the interior angle between two lines equally. Of the two lines,
one connects WP, and WP, and the other connects WP, and
WP;. 6, denotes the angle of the line perpendicular to /. The

first guidance mode applied is given by (2), and the parameter
Do is determined by (14) before the UA arrives at WP, After
arrival, p,is determined by (3) to control the arrival angle, 6, .

If the UA arrives at WP, then the origin of polar coordinates
is changed to WP, while p, is determined by (14) again.

To control the arrival angle, an appropriate 7, is required. As
someone can guess, the UA cannot arrive at WP, if 1, is too
small due to a dynamic constraint. The distance could be
determined based on analysis about the curvature of a path.

The curvature of the path is

2 2
r +2[dr] —rd r

do do’
o| T 2\3/2 :
"+{%)
do
Hence, the curvature of (2) can be derived as
p,(2+7°p.)
|K0| - ) 2)\3/2
(1 +p, )

And derivative of the curvature with regard to ris

p04r(p02r2 + 4) # +7?

o0

d

K

(35)

o f—

dr (pozrz + 1)3

This equation implies that the maximum curvature of the path

occurs at r= 0. Therefore,

mflx|mo (r)| =

r, (0)|=[2p,|-

If the UA is on the path and the desired arrival angle is 6,,

then the maximum curvature predicted is

(36)

north (m)

north (m}

i i i i i
0 200 400 600 800 1000
east (m)

Fig.12 Path following simulation results for a straight path following and

(34) arrival angle control.

Simulation #5

north {m})

north {

i
0 200 400 600 800 1000
east (m)

Fig.13 Path following simulation results for a straight path and a circular
orbit following.
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AN YA
7
which should be less than the turning rate capability of the

UA.

max |K'0| = (38)

max | ¥

max|1(o| SJ. (39)
r v

If not, the UA cannot follow the vector field, and then it cannot

reach WP,. Let us note that v can be substituted by v, since

the UA can be assumed to track the speed command

sufficiently well. Therefore,
2 <‘921 -0, > Vi

U< (40)
max| ;(|

p

Moreover, when the equation determining p, is changed
from (14) to (3), the course command is changed
discontinuously. Hence, the UA cannot follow the command
exactly at that moment. To allow enough time to track the
command, the extra distance is added. We can guess that dr/d¢
is always smaller than 0 when > 0 from (2). It implies that the
vector field of (2) cannot generate vortex flow. Therefore, the

difference between y, from (3) and (14) is always smaller

than 90deg. Hence, the turning radius is added for extra
distance as seen in Fig.. Therefore the appropriate r, can be
determined by

|2<921_61>Vd| v,

| max|j(| |max|;’(|

Ty =

(41)

The third and the fourth simulation results are shown in
Fig.12. The angles between the first and the third waypoints
are 15deg and 135deg, respectively. The speed of the UA is
25m/s, the time constant is 0.5, and the desired damping ratio
is 0.707. As in the results, the UA does not fly through WP,
exactly, since the tracking dynamics are subject to a time
constant. However, the amount of error is within a permissible
range.

C. Following Straight Path and Circular Orbit

In this subsection, flying through the waypoints using
straight path and circular orbit following strategies is analyzed.
When the UA follows straight segments, (2) and (14) are used.
When the UA approaches WP, then the vector field guidance
is changed to (9). The center is on the bisector /, and is ry

TABLE I Configuration and inertia information of the 6-DoF aircraft model

WingArea 0.33m2 | Wing Span 0.22m ggf(li 1.50m - -
Mass 2.8kg Ly 0.075kg'-m2 1, 0.137kg'm2 I, 0.165kg-m2
TABLE II Aerodynamic coefficients of the 6-DoF aircraft model
Cp 0070000 | e 0735500 | C,  -0.284375| C,  -0.156782 | C,  0.017482
¢, 0157352 C,  -0.028765 | C, -0.164212 | C 0542617 | C,  -0.012460
C, 4936260 | C, ~ -0.691753 | C,  -0.095064 | C, 0.130093 | C, -0.067092
G, 5967029 | C,  -8.165052 | Cy, 0.111658 | €, 0.263704 | C, 0.011511
C,. 0216658 | C, ~ -0.700510 | C,  0.070268 | C, 0004211 | C,  -0.032286
TABLE III Flight scenario
Section | Coordinates (m) | hd (m)"” | vd (m/s) Description for guidance mode
~WP1 (300, -100) 150 22 Arrival angle control, 6, = 198deg.
~ WP2 (600, 0) 150 22 Following the straight line. §, =0.9.
~ WP3 (800, 300) 150 22 Following the straight line. £, =0.9.
~ WP4 (400, 400) 150 22 Following the straight line. §, =0.9.
~ WP5 (300, 700) 150 22 Arrival angle control, 6, = 225deg.
~ WP6 (600, 1000) 150 22 Following the straight line. §, =0.9.
~ WP7 (400, 1200) 150 22 Arrival angle control, 6, = Odeg.
~ WP8 (0, 1200) 150 22 Following the straight line. §, =0.9.
~ WP9 (-200, -500) 250 22 Following the circular orbit. rd = 150m. £ = 1.5.
~WP10 (-300, -100) 150 22 Following the straight line. §, =0.9.

1) Altitude command
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Fig.14 Waypoint flight simulation results using 6-DoF aircraft model with constant wind.

away from WP,. The fifth and the sixth simulation results are
shown in Fig.13. The angles between the first and the third
waypoints are 15deg and 135deg, respectively. The speed of
the aircraft is 25m/s, the time constant is 0.5, {, and ¢ are

0

0.707 and 0.5, respectively.

D. Simulation 6-DoF Non-linear Aircrafi Model

The previous simulations used the simple time-delay model
of (1). However, the six degree-of-freedom aircraft model is
used with constant wind in this subsection. All aerodynamic
coefficients are computed using AVL [25]. The information
on the aircraft model is shown in TABLE I and TABLE II.
With the information, forces and moments can be computed,
and applied to 6-DoF nonlinear dynamic equations of motion.
Detailed equations are shown in [26]. PID controllers are
designed to track guidance commands generated by the vector
fields.

A summary of the flight scenario is shown in TABLE IIL
We assume that there are roads, which connect WP to WF;
and WP, to WPh, and which need to be observed. When the
UA observes roads, stable attitude might improve the
surveillance performance; therefore, the arrival angles are
controlled to approach the beginning of the roads with stable
attitude. As it can be seen in the trajectory around WP; of

Fig.14, there is a period, over which the trajectory is oscillated.

However, one can also recognize that oscillations are not
occurring around WPs and WP, since the arrival angles are
controlled; therefore, a rapid maneuver is not required. It is
assumed that a stationary target is located on WA, and the UA
rotates around the target for surveillance. The rest of the

sections are waypoint flight; therefore the UA follows the
straight lines. The wind blows at a speed of 3m/s, and the
direction of the wind is 90deg. The simulation result is shown
in Fig.14. It shows that the vector field guidance proposed in
this paper is useful enough when it is implemented onboard.

VI. CONCLUSION

In this paper, the guidance laws for a path following flight
and the strategies for a waypoint flight are introduced by using
the vector field approach. Contributions of this paper can be
summarized as follows. 1) The traditional vector field for
straight path following is extended to control arrival angle.
The guidance parameter can be determined if one knows the
time-delay of the controller and the damping ratio for path
following scenario. 2) Vector fields to follow a straight path
have been already developed. However, the vector field of this
paper could be applied to not only path following but also
arrival angle and time control without any path planning
algorithms; therefore, the UA can engage in various missions
with a simple software structure. 3) Earlier studies have used
the vector field method to follow a circular orbit. The
associated stability has been proved only for the convergence
to the orbit. However, the vector field for a circular orbit in
this study not only could verify stability, but also desired path
following performance can be satisfied. All of these
contributions are demonstrated by the simulations with 6-DoF
nonlinear dynamic equations of motion.
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