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Robust Path-Following for UAV Using Pure
Pursuit Guidance

Takeshi Yamasaki, Hiroyuki Takano and Yoriaki Baba
National Defense Academy

Japan

1. Introduction

This chapter presents a description of a guidance and control system on robust path-
following flight for Unmanned Aerial Vehicle (UAV). Guidance and control systems on
path-following flight for UAV, most based on a tracking-error-correction approach, have
been studied for several years (Blajer, 1990; Baba et al., 1996, 2002; Kaminer et al., 1998;
Boyle & Chamitoff, 1999; Ochi et al., 2002; Park et al., 2004; Rysdyk, 2006). However, these
systems present the difficulty of following in large tracking-error situations, e.g. steep
curved path-following or tracking under wind turbulence, which might cause control
saturation or divergence because the control command tends to increase as the tracking-
error becomes large. One coauthor proposed a variable gain method using fuzzy logic (Baba
& Takano, 1998), which gathers and weighs on control laws according to tracking-error
quantities. It performed well, but it was necessary to set some design points and to conduct
several gain tunings before applying fuzzy logic.

This chapter presents a novel, simple, yet robust guidance method for path-following UAV
(Sato et al., 2006; Yamasaki et al., 2007). The methodology uses pure pursuit guidance
instead of traditional tracking-error correction-based methods. Pure pursuit guidance (e.g.
Machol et al., 1965) demands only one gain-tuning. It produces guidance commands that are
not large, with no relation to tracking error quantities. It can avoid control divergence
because the pure pursuit guidance system generates guidance commands in relation to the
line-of-sight angle (the angle formed by the UAV velocity vector and the line-of-sight to the
target point), which is, at most, 7 radian. That angle might be much less than the tracking
error, e.g. 10 m. For that reason, a robust path-following UAV can be realized assisted by
pure pursuit guidance (Park et al., 2007). A target point for the UAV to orient is necessary
for applying pure pursuit guidance for path-following. We introduced a receding virtual
waypoint, which is placed at a proper point along a desired trajectory. This is the point of
difference from the error-based reference point described in the literature (Park et al., 2007).
The desired path can be provided easily in a form of a function of the trajectory arc length
using cubic-spline interpolation based on some waypoints through which the UAV is
presumed to fly. Once the path is generated in the form of the function of the arc length, the
receding virtual waypoint, which is the target point for pure pursuit guidance, is calculable
using the cubic-spline function based on the UAV flight arc length added a few seconds
ahead of the future flight path length, as inferred from the UAV dynamics. This added term
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672 Aerial Vehicles

provides a future desired maneuver to the UAV, which compensates the UAV’s response
delay because of the UAV dynamics. Guidance commands for the UAV orientation are
generated using the pure pursuit guidance with a receding virtual waypoint. The UAV can
change its heading by altering the attitude. The system employs a dynamic inversion
technique for the UAV’s attitude control. Dynamic inversion techniques (Brockett, 1978;
Lane & Stengel, 1998; Snell et al., 1992; Baba et al., 1996), which enable the UAV to perform a
nonlinear path-following ability and to maintain high maneuverability, are well-known
control schemes of nonlinear dynamic systems. A dynamic inversion technique with two-
time scale separation (Menon et al., 1987; Snell et al., 1992; Azam & Singh, 1994) is applicable
for UAV control, which allows the order of the dynamic inversion controller to be small. The
pure pursuit guidance lets the UAV head to the target at any time. Because the pure pursuit
guidance can, by its nature, head to a target point only and never works for the velocity
control along the velocity vector directly, a velocity control system is necessary to maintain a
desired distance from the given trajectory. The velocity controller is designed based also on
the dynamic inversion approach, considering the aircraft dynamics.

First, the body axes are explained along with full, rigid body, six-degree-of-freedom,
nonlinear equations of motion. Then we will discuss the guidance and control system for
UAYV, which is based on the pure pursuit guidance law with a receding virtual waypoint,
and the two-time scaled dynamic inversion technique, along with velocity control. Several
simulations are conducted to demonstrate its path-following robustness under some
random wind turbulence and steeply curved path-following situations. We also show a
comparison to the tracking-error-correction-based method.

2. Symbols and Notations

X, V52 = Components of position vector w.r.t. body axes, [m]

x;,v;,z;,= Components of position vector w.r.t. inertial axes, [m]

U, v, w = Components of airplane velocity along the X, y, z body axes, respectively, [m/s]

D.q,r = Components of airplane angular velocity about the x, y, z body axes,
respectively, [rad/s]

0,0, = roll, pitch, and yaw angle, respectively, [rad] or [deg]

0,,0,,0, = Deflection of elevator, aileron and rudder, respectively, [rad] or [deg]

L = Lift, [N]

D = Drag, [N]

Fy,Fy,F,= Guidance forces w.r.t. body axes, [N]

Fy,Fy,F;= Guidance forces w.r.t. wind axes, [N]

Fr = Thrust, [N]

F, = Desired guidance force vector

qp = Dynamic pressure, [N/m?]

2.8 = Acceleration of gravity, [m/s?] and gravity vector

V.,V = Resultant velocity, [m/s] and velocity vector

P = Air density, [kg/m3]

m = Mass, [kg]
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S =

b,c =
h =

R,R =
E(f-a) =
Iy, Iy, 1, =
Cy,Cy,Cy=
¢.C,,C, =
[ e =
[ 1a =
[ 1w =

[] -

Wing area, [m?]

Wing span and wing mean aerodynamic chord, [m]

Altitude, [m]

Angle of attack (AoA) and zero lift angle of attack, [rad] or [deg]
Side slip angle, [rad] or [deg]

Navigation constant

= Slow mode controller gains

= Fast mode controller gains

Desired acceleration vector

Lift and drag coefficients

Lift-curve slope, [/rad]

Zero lift drag coefficient

Relative distance, [m] and line of sight (LOS) vector
Rotation matrix from the body axes to the wind axes
Moments of inertia, [kg m?2]

Aerodynamic force coefficients

Aerodynamic moment coefficients

Concerned with a UAV

Indicates a desired value or command

Concerned with wind axes

Time derivative

3. Equations of motion

Figure 1 portrays the coordinate system used for this study. The complete, six-degree-of-
freedom (6DOF), nonlinear, rigid-body dynamics for fixed-wing UAV with respect to the
body-fixed axis system depicted in Fig. 1 are modeled by the following 12 first-order
differential equations.

. : SC F,
u=rv—qw—gsm6?+qD—X+—T
m
. . SC
v:pw—ru+gcost951n¢+qD—Y
m

: SC
w= qu—pv+gcos€cos¢+qD—Z
m

]Y_]Z
IX

. I., . Sh
p= qr+ IXZ (i + pg) + 1222 ¢,
X

Iy

1,-1 ! Sc

Z X ey LX2 (2 —p2)+ dpo ¢ C,
Iy Iy Iy

q=
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j=t 1; b g ]I);Z (p—qr)+ q?ZSb C, ()
¢=p+qsin¢tan6+rcos¢tan9 7)

0 =qcosg—rsing 8)

Y =gsingsecl + rcos@secl ©)

X; =ucos@cosy +v(sin @¢sin @ cos iy —cos @sin i)+ w(cos @sin @ cosy +sin gsiny) (10)
v, =ucos@siny +v(sin @sin sin i +cos @ cosy) + w(cos g sin @sin i —sin ¢ cos i) (11)

z, =—usin@+vsin gcos &+ wcos @dcos (12)

Figure 1. Coordinate system

For them, we assumed the aerodynamic coefficients appeared in the above equations as
follows.

Cy :CX(a,ﬂ,%,éej (13)
_ bp br

CY _CY(aaﬂan:ZVaaaaarj (14)
C, :Cz(a,ﬁ,%ﬁe] (15)
_ bp br

C] _Cl[aaﬁ’ 2V72V35a96rj (16)
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_ cq
c,=C, [0{, B, 57 ’5"j (17)

_ bp br
C,=C, (a, P55 ,5a,5,j (18)

Equations (1-3), Eqs. (4-6), Egs. (7-9), and Egs. (10-12) respectively represent force
equations, moment equations, rotational kinematic equations, and navigation equations.
The first nine equations govern the dynamics. The navigation equations are used only for
simulations to calculate the UAV position with respect to the earth frame.

Dynamic inversion controller:
Pure pursuit guidance
to a receding virtual =) 3 Aircraft, actuator, and

. ow mode . .
waypoint > j engine dynamics
_I 1>
A
Fast mode
A

T

Figure 2. Guidance and control block diagram

4. Guidance and Control System

Figure 2 portrays a block diagram of the guidance and control system for a path-following
UAYV, which employs the pure pursuit guidance law for calculating the guidance command,
in conjunction with a two-time-scaled dynamic inversion method (Baba et al., 1996, 2002;
Sato et al., 2006; Yamasaki et al., 2007) consisting of a slow-state and a fast-state dynamic
mode to generate guidance forces for nonlinear dynamic motions of the UAV. This diagram
does not include the velocity control, which is discussed later.

4.1 Receding virtual waypoints

A desired trajectory might be used to guide a UAV along a predetermined path such as a
runway approach and landing. It is useful to generate the desired trajectory from several
waypoints. For this study, the cubic spline function is used because it gives the minimum
curvature (Blajer, 1990; Jackson & Crouch, 1991). Figure 3 portrays an interpolated trajectory
by the cubic spline function. The circles labeled “WAYPOINT” in Fig. 3 are waypoints that
are only used to generate a spline interpolated-trajectory for convenience. They differ from
the receding virtual waypoint described later.

A trajectory calculated from cubic spline function can be represented using continuous
functions of time or the arc length of the trajectory. The arc length is chosen as the
independent variable (Baba et al., 1996, 2002; Ochi et al., 2002; Yamasaki et al., 2007), which
enables the UAYV to fly at various speeds. A virtual waypoint should be set as the target for
the pure pursuit guidance on the generated trajectory along which the trajectory-tracking
UAV are to be guided. The virtual waypoint, which is moved in each time step, is obtainable
using the cubic spline function of a distance instead of using the arc length of the desired
trajectory. The distance is calculated based on the UAV’s flight distance added using a few-
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seconds more future flight length. Therefore, this virtual waypoint determination approach
uses only the flight distance information and obviates extra information such as the tracking
error components described in the literature (Park et al., 2007). If the UAV deviates from the
desired trajectory, the virtual waypoint is set at a receded point in each time step according
to the flight distance, including a flight distance deviated from the desired trajectory, which
can avoid rapid correction control. Consequently, this virtual waypoint is designated as “a
receding virtual waypoint.” Pure pursuit guidance with the receding virtual waypoint can
alleviate control saturation, different from the case of tracking-error-correction-based
control.

T hemd | O WAYPOINT
A SPLINE

i 10000
"- Boan
gaan

o a0
2000 .V;(mj

10000

5000
xf(m)

Figure 3. Interpolated trajectory using spline function of the arc length (c.f. WAYPOINT
differs from the receding virtual waypoint)

4.2 Pure pursuit guidance law

Generally, pure pursuit guidance (PPG) is not used to guide a UAV for rendezvous or
intercept purposes if the UAV velocity becomes 1.5 times greater than the target velocity
because the guidance forces tend to be diverted when the relative distance between the
UAV and the target becomes zero (Machol et al., 1965). However, those problems will not
occur for a path-following purpose in keeping the relative distance because target points
recede as the UAV moves. The relative distance can be maintained at a few degrees, not
zero. Although the proportional navigation (PN) guidance might also be considered, the
error distance from the desired trajectory is prone to remain at some few degrees because
PN guidance tends to keep a line of sight (LOS) angle constant (Zarchan, 2002). In contrast,
pure pursuit guidance always guides the UAV to orient in the waypoint direction in spite of
both velocities. Therefore, we use the pure pursuit guidance for this study. If the target point
velocity is set as zero, the characteristics of PN guidance are almost equal to that of PPG
with respect to the UAV orientation direction. Assuming that the UAV pursues a receding
virtual waypoint with velocity of V. as portrayed in Fig. 4, the following equation is
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satisfied if the line of sight (LOS) vector R and the UAV’s velocity vector V. are heading in

the same direction.

VeXR=0 (19)

To guide the UAV into the pure pursuit course, the following acceleration feedback is
needed for Eq. (19).

= _ NV XR)XV,
4 VR

(20)

Therein, N is the navigation constant. Its value is set as 2 for this study, as in a previous
study (Park et al., 2007). The following equation might be preferred to using Eq. (20) for
implementation purposes in the real system, especially for a large LOS angle, in applying
the real LOS angle feedback.

NV xR)xVe o
a =
d.real VR sin o

(21)

In that equation, o is the LOS angle. The equation means that the desired acceleration is
exactly proportional to the LOS angle, as measured from, for example, a seeker’s angle.
However, we use Eq. (20) in this study for simplicity. From Newton’s second law, the
required guidance force, along with the gravity compensation, can be expressed as

F,=m(a;, — g) , (22)

where vector g is a gravity vector with respect to the body axes. Thereby, the desired
guidance commands are obtained.

Receding Virtual Waypoint

Figure 4. Position view of the UAV and the receding virtual waypoint

4.3 Derivation of command values

The desired guidance forces are obtained by changing the direction and magnitude of the
force vector acting on the UAV. The direction and magnitude of the force vector can be
changed generally by altering the UAV’s slow dynamic states, i.e., angle of attack (AoA),
sideslip angle, and roll (or bank) angle. The desired AoA, sideslip angle, and roll (or bank)
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angle is calculable from the desired forces in Eq. (22). The guidance forces shown in Eq. (22)
related to the body axes must be transformed to wind-axis forms.

Fy Fy
F; |=E(B.-a) Fy
F- F

’ ’ 23)
In that equation, E(f,—a) represents the rotation matrix from the body axes to the wind
axes. Before deriving the desired lift, L, and the desired roll angle, ¢,, we assume
coordinated flight, which means zero-sideslip angle. The desired AoA, sideslip angle and

bank angle can be expressed by the following simple equations using guidance forces in Eq.
(22) (Baba et al., 2002, Yamasaki et al., 2006, 2007).

L,—F.sinx
1 (d - sin j+%

o, =
¢ CLD, qDS (24)
B, =0 (25)

G =9+ A9, (26)

In those equations, the following pertain.
2 2
L,=\F’+F, )

F
A, =tan™ —L
¢, =tan " — F,

(28)

The desired additional roll angle appeared in Eq. (28) is determined geometrically with
respect to the body axes.

4.4 Dynamic inversion

o d p o 5{'.{4’
18 d q{f 5.;..]
¢d rif 5!',.'}
s +O 5| Inverse system v Inverse system Actuator / -
- ( slow mode ) — ( fast mode ) Aircraft Dynamics -
ps 4, T
a, p, ¢

Figure 5. Block diagram of the two-time scaled dynamic inversion controller used in this
study
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To maintain high maneuverability, a nonlinear dynamic controller is designed. The dynamic
inversion (DI) approach is a well-known scheme for nonlinear dynamical control design. We
apply for the DI approach for a conventional fixed-wing UAV. In considering control for
such a UAV, attitude control is achieved by rotating the UAV. The rotation is achieved by
actuating the control surfaces such as elevators, ailerons, and a rudder. The attitude control
is generally conducted using two loops: rotation control loop for fast-time scale state
dynamics, and attitude control loop for slow-time scale state dynamics. We used the two-
time scaled DI approach (Menon et al., 1987; Snell et al., 1992; Azam & Singh, 1994) to
achieve the desired AoA, sideslip angle, and roll angle determined from the previous
section. The two-time scaled DI method can reduce the controller order, which simplifies the
design process. It can avoid tiresome control design problems arising in non-minimum
phase systems. Figure 5 shows the schematic two-time scaled DI controller block diagrams
used for this study (Baba et al., 1996; Yamasaki et al., 2006,2007). The inner loop in Fig. 5
corresponds to the fast-state dynamics: the states p, ¢, and r are controlled by the rudder,

elevators, and ailerons. The outer loop corresponds to the slow-state dynamics: states
o, B,and ¢, which are controlled by the body rate p, ¢,and r . Regarding the outer loop, it

is assumed that the transient dynamics of the fast states occur so quickly that they have a
negligible effect on the slow states. In the inner loop, slow-time scale variables such as
V,a,and S are assumed to remain constant. The fast-time scale controller attempts to

maintain the body rates p,, ¢,, andr, close to their values in the outer solution.

To obtain the slow state dynamics related to V, «, and S, the following relations are used.

u=Vcosacos (29)
v=Vsin (30)
w=Vsinacos (31)

The following are obtained after some algebraic manipulations of the above relations with
Egs. (1-3).

; S F. : . . :
y=-4p2 Dy +—L cosacos B+ g(cos@cos@sin crcos B+ sin gcos Bsin B —sin O cos a cos 3)
S . I F; si
_#osﬂ C, +g—tanf(pcosa+rsina)+ Vcisﬁ (cosgcos@cosa+sinfsin) —% )
: S . . i : : F,
ﬂ=%CYW +psma—rcosa+%cosﬁsmqﬁcosé%%(gcosasmH—gsmacos¢cos€— L COS0()
m

"o(34)

The last two equations and Eq. (7) form the slow-state dynamics related with «, 3, and ¢ .

The desired outer loop slow-state dynamics used for this study are specified by Eq. (35).

O.{d Ka(ad - Q) Ua
ﬁd = Kﬁ(ﬁd_ﬁ) = Uﬁ

Da Ky, -9) ) \U, 35)
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Therein, subscript d represents the desired value. The terms ¢,, f,,and ¢, are the

commanded AoA, sideslip angle, and roll angle given by the guidance part described in Egs.
(24-26). The bandwidths K,, Kz,and K, should be slightly lower than or equal to the

bandwidths of the UAV dynamics. Solving Egs. (33-34) and (7) for (p, ¢, )", and replacing
the respective (p,q,7)’ and (a, B, ¢)" terms to the desired (pg,q4.7;,)" and

Uy Uy, U ¢)T terms, one obtains the following.

P, —cosatan 3 1 —sinatan B (U, -4,
q, |= sina 0 —cosax Uy — A4y
1 singtan@ cos¢@tand U

In that equation, the following pertain.

A, ={-¢,8C, — F; sin o + mg (cos ¢ cos @ cos @ + sin Gsin o )}/(chosﬂ) (37)

Ag= {qDSCYW — F, cosasin B+ (sin@cosasin B +singcosBcos B — cosgcosfsinasin ) }/(m V) (38)
Equation (36) represents the inverse system of the slow-state dynamics, which yields the fast
states” desired values.

The following matrix-form equation, transformed from the moment Egs. (4-6), models the
fast-state dynamics.

B 0 B,\ o

pa pr a

P (4,
qg|=|4,|+ 0 B 0 || o
P4

E~)
]
®

B ra O B r 5r (3 9)

The following are used in that equation.

A, = {;(ZZ (I,—1I,+1,)pg+ (— 12+1,0,-1,,° )qr+IZqDSb [C, B+ (b/2V)(C,p p+ C,rr)J

+1y, 9, Sb [C,,ﬁ, B+ (b/2V)(Cnp P+ Cn,r)] }/(1X I,- ]Xzz) (40)

4,240, ~1)pr+ 1, (7 = p* )+ apse|C, + €, @+ (@/20)C, g | 11, »

4, = { (]Xz2 —Iyly +1,° )Pq—lxz (Ix =1y +1, )CI’”+Ixz%DSblCzﬂﬁ‘F(b/zV)(Csz+C1,”)J
+IXqDSb[Cn , ,B+(b/2V)(Cnp p+C, r)] } JUxl, 1%

(42)

B, :qDSb(IZCl,sa +[XZCn5a )/(IX]Z_IXZ2) (43)
B, =qpSb(1;C)y +1y,C, )/(IX]Z ~1x) (44)
B, =qpS¢C,, [Iy (45)
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B, = qDSb(]XZCl(;a +]ch5a )/(IXIZ ~1Iy") (46)

B, = QDSb(IXZCl(;r +[ch5r )/(IXIZ _IXzz) 47)

The desired closed-loop fast-state dynamics used for this study are specified as shown
below.

Pa K,(ps—-p)) (U,
9. |=| K;(qa—-9) |=| U,
Ur

i‘d Kr(rd_r) (48)

The terms p,, q,,and r, are commanded, roll, pitch, and yaw rate given by the slow-state
control calculated from Eq. (36). The bandwidths K ,, K ,and K, should sufficiently
exceed the bandwidths of the outer loop: &, B,and ¢ loop, to avoid coupling between the
inner and outer loop dynamics. The bandwidth corresponds to the body rate cut-off
frequencies. Solving Eq. (39) for (6,, J,, 8,)" and replacing the respective (J,, 5,, 8,)"
and (p, ¢, 7)" to desired (Ougs Oua> 5r’d)T and (U,,U,, U,)", the desired control surface

values are obtained as follows.

5‘1,‘, B, 0 B, U, —Ap
6,,|=| 0 e 0 U,—4,
5r,d Bra 0 Brr Ur - Ar ( 49)

Equation (49) represents the inverse system of the fast states dynamics, yielding the desired
control surface commands.

+ l+Ua

V, —— K _>|_C > — 4
|4

Figure 6. Block diagram of the velocity control

[y
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4.5 Velocity control

The dynamic inversions described above are used only for attitude control and never work
directly for the velocity control. In considering the path-following capabilities of a UAV, one
must take into account its velocity control, which is necessary to maintain a desired position
along the given path. Figure 6 shows a block diagram illustrating the desired velocity
dynamics used for this study. The desired velocity-loop dynamics depicted in Fig. 6 are
specified as

Vi=KpR-R)+Ky(V,=V)=U, (50)

where K and K, respectively signify the relative distance feedback gain and the velocity
feedback gain. The velocity inverse dynamics are derived from Eq. (32) by solving for the
thrust input; then, replacing ¥ by a pseudo-input U, as

Fr 4 ={mU, —mg(-sinfcosacosf+cosfsingsin S+ cosfcosgsinacos ff) +q,SCp, }/(cosarcosf) (51)

Equation (51) yields the desired thrust force commands so that the desired velocity Eq. (50)
holds in the velocity dynamics of the UAV.

The UAV, as well as aircraft, has no active brake in the air. Therefore, velocity is generally
controlled gradually relative to an attitude control. The gains K and K, shown in Eq. (50)
must be determined taking account of this fact. The desired velocity control system depicted
in Fig. 6 is represented as shown below.

Vo Kys+ Ky

= 52
Vi " +Kyps+Kp 2

The characteristic equation of a general quadratic system is defined with damping ratio ¢
and natural angular frequency @, .

2 2 _
s“+2fws+w,” =0 (53)
Comparing the characteristic equation in the above equation with the desired velocity
control system, the characteristics of the desired velocity dynamic system are represented as
follows.

Ky =0, (54)

K, =2w, (55)
Because vibration of the velocity response should be alleviated for smooth path-following
purpose, ¢ is set around 1; @, is determined using the following approximated equation,

which is based on the approximated long-period mode for the UAV as well as general
aircraft so that the velocity response converges gradually.

o, % (56)

n

In
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Thereby, the UAV can follow the given path with PPG with DI attitude controller and DI
velocity controller. Figure 7 portrays a schematic diagram of the guidance and control
system described thus far.

Pure pursuit Dynamic Inversion Dynamics
guidance Control
T Get. & wirtual p| Velocity control »| Engine dynamics
waypoint
v
Aircraft >
Calculate commands »| Attitude control £
7'y p{ Control surfaces

Figure 7. Schematic diagram of the guidance and control system

5. Simulations

These simulations use the YF-16 aircraft model (Gilbert et al., 1976) as a UAV, which
includes detailed aerodynamics coefficients, the engine model, and the actuator time lags to
demonstrate the guidance and control system in nonlinear 6 degree-of-freedom simulations.
The following assumptions simplify the problem and demonstrate the total system.

The ambient atmosphere is stationary.

The aircraft is symmetric about the x-z plane.

The aircraft mass is constant and the engine momentum is negligible.

The aircraft model is available and aerodynamic uncertainties are negligible.
Information of the inertial position and velocity, angular velocity, and Euler angles is
available.

Assumptions 1 and 4 might be violated in some situations, but robustness for model
uncertainties, external disturbances, and measurement noise might be compensated with the
inner loop design of the dynamic inversion controller (Snell, 1992; Brinker & Wise, 1996;
Boyle & Chamitoff, 1999) instead of using the proportional control appearing in Eq. (48),
along with, for example, an extended Kalman filter, as appearing in the literature (Tanaka et
al., 2006).

Gl L=

Parameters Values

Mach number 0.6 [Mach]

Initial position (0.0, 0.0, 2000.0) [m]
Initial heading 0.0[deg]

N 2

K,.Kg.K, 4 [rad/s]
K,.K,K, 8 [rad/s]

Actuator time constant 0.1 [s]

Table 1. Simulation Settings
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5.1 Simulations in stationary atmosphere

SPLIME

A (m)

Figure 8. Tracking flight along a gentle curved path
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Figure 9. Control commands during path-following along the gentle curved path (deg)
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Figure 11. Control commands during path-following along the sharply curved path (deg)

Figures 8-11 portray simulation results. In Fig. 8, the solid lines labeled “SPLINE” mark the
desired flight trajectories; the dashed lines labeled “TEC” and the broken dotted lines “PPG”

www.intechopen.com



686 Aerial Vehicles

respectively portray the conventional tracking-error-correction-based method (Baba, 1996)
(TEC) and the pure pursuit guidance-based method with the receding virtual waypoint
(PPG), along with their (X, h)-plane and (Y, h)-plane projections. Figure 8 shows that both
TEC and the proposed PPG methods have good trajectory-tracking capability in the gentle
curved trajectory. Figure 9 shows that no control saturation exists throughout the tracking
flight. However, in the case of a sharply curved trajectory tracking flight, the proposed PPG
method performs the high tracking ability, although the UAV deviates greatly from the
desired trajectory twice whereas the conventional TEC-based method can not follow the
trajectory when the UAV is deviated from the trajectory (Fig. 10). Figure 11 shows that the
TEC-based method causes control saturation, although the proposed PPG method does not.

5.2 Simulations in wind turbulence circumstance

The Dryden wind turbulence model (Parris, 1975) is used for wind perturbation generation.
A wind shear model is added to the wind turbulence for setting some averaged wind speed.
Turbulence scales and its intensities are determined from prior specifications (MIL-F-8785C,
1980) assisted by linear interpolation for the lack of information range. The wind shear
model presented in the specifications (MIL-F-8785C, 1980) is used in the simulations for
averaged wind speed generation. As in the previous section, two simulations are conducted:
a gentle curved path following and a sharply curved path case. Table 2 shows the
turbulence model simulation settings. Other settings are as in Table 1.

Parameters Values

Reference altitude for turbulence scales 1000 [m]
Turbulence intensity Moderate

Initial heading 0.0 [deg]
Averaged wind at 6.1 [m] 6.528 [m/s]
Averaged wind direction Fliztrigomea?tblow)

Table 2. Simulation Settings
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Figure 12. Time histories of wind turbulence with respect to the body axis components
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Figure 12 presents an example of generated wind turbulence components related to the
body axes, which are exerted to the UAV guided by the TEC method and the proposed PPG
method. That figure shows that the wind turbulence has non-zero averaged velocity. The
wind velocity components are frozen to the earth frame: the wind velocities in each
simulation are equal when the UAVs fly through the same path, but each component is
varied on every field, thereby producing the different velocity components and different
result in each simulation.
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Figure 14. Control commands during path-following along the gentle curved path under
wind turbulence (deg)
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Figures 13-16 show simulation results under wind turbulence. The conventional TEC-based
guidance method fails to follow the desired trajectory, even in gently curved trajectory in
wind turbulence, whereas the proposed PPG method can recover from the deviation and
finally follow the trajectory, even in the sharply curved path-following case. These figures
show that the PPG method with the reseeding waypoint has robustness relative to external
wind turbulence and to deviation from the desired trajectory, whereas the conventional
TEC-based guidance method does not.
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Figure 15. Tracking flight along a sharply curved path under wind turbulence
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Figure 16. Control commands during path-following along the sharply curved path under
wind turbulence (deg)

www.intechopen.com



Robust Path-Following for UAV Using Pure Pursuit Guidance 689

6. Conclusions

A robust path-following guidance and control system for a UAV is introduced. Pure pursuit
guidance with a receding virtual waypoint is proposed to achieve robust path-following
capability for the UAV. The system enables the UAV to recover from huge-tracking-error
situations alleviating control saturation. The UAV can be equipped with robustness for any
sharply curved path-following and wind turbulence circumstances. An optimal navigation
constant according to a given path and a proper receding virtual waypoint position
considering a UAV dynamics should be analyzed in the future.
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