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This paper addresses the problem of minimum-effort waypoint-following guidance with/without
arrival angle constraints of an Unmanned Aerial Vehicle. By utilizing a linearized kinematics
model, the proposed guidance laws are derived as the solutions of a linear quadratic optimal
control problem with an arbitrary number of terminal boundary constraints. Theoretical
analysis reveals that both optimal proportional navigation guidance and trajectory shaping
guidance are special cases of the proposed guidance laws. The key feature of the proposed
algorithms lies in their generic property. For this reason, the guidance laws developed can be
applied to general waypoint-following missions with an arbitrary number of waypoints and
an arbitrary number of arrival angle constraints. Nonlinear numerical simulations clearly

demonstrate the effectiveness of the proposed formulations.

I. Introduction
Autonomous and reliable path following is a fundamental and key technology of Unmanned Aerial Vehicles (UAVs)
to accomplish their mission objectives [114]. The primary objective of a path following guidance algorithm is to drive
the vehicle to converge to a desired trajectory and remain on it thereafter. The desired path usually can be categorized
into two classes: a continuous curve and a finite number of waypoints. Compared with continuous curve following, the
generation of waypoints only requires the selection of several characteristic points and therefore is more computational
efficient [S]]. Besides, this approach does not require the concept of a look-ahead-distance [6} 7] or a virtual target on a

continuous curve [8]]. For these reasons, this paper aims to handle the issue of waypoint-following guidance.

*PhD Candidate, School of Aerospace, Transport and Manufacturing, College Road, AIAA Student Member, Email:
shaoming.he.cn@gmail.com

T Assistant Professor, Department of Aerospace Engineering, Email: chlee@fdcl.kaist .ac.kr (Corresponding Author)

iReader, School of Aerospace, Transport and Manufacturing, College Road, Member AIAA, Email: h.shin@cranfield.ac.uk

SProfessor, School of Aerospace, Transport and Manufacturing, College Road, Senior Member AIAA, Email:
a.tsourdos@cranfield.ac.uk

Published by American Institute of Aeronautics and Astronautics. Thisisthe Author Accepted Manuscript issued with: Creative Commons Attribution Non-Commercial
License (CC:BY:NC 4.0). Thefinal published version (version of record) is available online at DOI:10.2514/1.G004045. Please refer to any applicable publisher terms of use.


e805814
Text Box
 Journal of Guidance, Control and Dynamics Early Online (2019)


e805814
Text Box
Published by American Institute of Aeronautics and Astronautics. This is the Author Accepted Manuscript issued with: Creative Commons Attribution Non-Commercial License (CC:BY:NC 4.0).  The final published version (version of record) is available online at DOI:10.2514/1.G004045. Please refer to any applicable publisher terms of use.




The problem of following a path has received massive interest in the robotics literature. In [9], the authors utilized
vector fields to represent the desired headings to guide the UAV to follow a pre-designed path. The key feature of this
approach is that both the heading error and the lateral distance error converge to zero asymptotically. By formulating
the path following as a finite horizon regulation problem, model predictive control and receding-horizon control were
also applied in [10-H12] to minimize the distance tracking error. A nonlinear path following guidance law, adapted
from the concept of pure pursuit, was suggested in [[6] and its performance as well as stability were analyzed in [7]].
Inspired by the development of missile guidance, the authors in [8] applied pursuit guidance to follow a virtual target.
The trajectory of the virtual target is specifically designed to cater for the requirement of path following. This concept
was further modified by using trajectory shaping guidance (TSG) in [13}[14]. The advantage of utilization of TSG,
compared with pure pursuit, lies in that TSG generates the same instantaneous radius of curvature as a curved path, thus
providing accurate path following. In order to fully exploits the synergism between the guidance loop and the control
loop, an integrated guidance-autopilot algorithm was proposed in [[15] for UAV path following. By leveraging the
properties of differential geometry of space curves, a three-dimensional nonlinear guidance law for UAV path following
was developed in [[16]. The almost-global asymptotic stability for a constant-curvature trajectory was also rigorously
proved in this reference. Considering the turning rate limit, an algorithm was proposed in [[17,[18] to find the globally
shortest path through a given sequence of waypoints.

In [[19], a linear quadratic optimal waypoint-following guidance was proposed to follow a straight line between two
waypoints. The line segment changing point was also analytically derived by minimizing the magnitude of the required
acceleration. Although this guidance law is optimal in each line segment, it fails to provide the global optimality
when considers all waypoints. In practical flight, the energy consumption of a UAV governs the endurance of the
vehicle. For this reason, numerical optimization approaches were utilized in [20} 21] to minimize energy consumption
in waypoint following guidance. The drawback of using numerical algorithms is their relatively high computational
complexity, which precludes their applications in low-cost small-scale UAVs. To alleviate this issue, the authors in [22]]
leveraged optimal impact angle guidance between every two consecutive waypoints to develop a globally energy-optimal
guidance law for waypoint following of anti-ship missiles. However, the implementation of this algorithm requires
offline parameter optimization to find the boundary conditions, e.g., passing angle and passing acceleration.

Intuitively, waypoint-following guidance can be viewed as a point-to-point guidance between two consecutive
waypoints. This means that the well-developed missile guidance laws during last few decades can also be applied
for UAV waypoint-following guidance. It is well-known that classical proportional navigation guidance (PNG) with
a constant navigation gain three is energy-optimal for point-to-point guidance [23H25]]. If a specific arrival angle or
approach angle is required, TSG becomes the energy-optimal point-to-point guidance law [26H28]]. However, it is
unclear whether or not the total energy consumption is optimal for the case of multiple waypoints if we simply apply

these two optimal guidance laws between two consecutive points. The difficulty of finding closed-form minimum-effort



Fig.1 Planar engagement geometry.

guidance law naturally arises in the multiple boundary conditions, e.g., multiple waypoint constraints and multiple angle
constraints.

Motivated by the above observations, this paper aims to propose minimum-effort or energy-optimal guidance laws
for UAV waypoint following. By formulating a finite-time linear regulation problem, two waypoint-following guidance
laws are analytically derived using optimal control theory based on a linear kinematics model. The first guidance
law is suited for the optimal waypoint following mission while the second one additionally considers partial arrival
angle constraints, e.g., the UAV is required to pass several waypoints with specific flight path angles if it utilizes the
terrain reference navigation as its navigation system. Theoretical analysis reveals that the proposed guidance laws
reduce to classical PNG and TSG when there exists only one waypoint to be visited. The significant contribution of the
proposed algorithm lies in its generic feature. That is, the proposed guidance law can be applied for energy-optimal
waypoint following with arbitrary number of waypoints and arbitrary number of angle constraints. Nonlinear numerical
simulations demonstrate that the proposed guidance laws help to increase the endurance of the vehicle, compared to
waypoint-following guidance laws based on classical PNG and TSG.

The remainder of this paper is organized as follows. The backgrounds and preliminaries of this paper are stated in
Sec. [l Section [[I] presents the details of the proposed guidance law for waypoint following, followed by the guidance
law derived for optimal waypoint following with partial arrival angle constraint shown in Sec. Finally, some

simulation results and conclusions are offered.

I1. Backgrounds and Preliminaries
This paper assumes that the UAV is equipped with a high-performance low-level flight control system that provides
roll, pitch and yaw stability of the UAV as well as velocity tracking, heading and altitude hold functions. This study
aims to design guidance inputs to this low-level controller for energy-optimal waypoint following in a two-dimensional

geometry.



A. Nonlinear Kinematics

Consider there exist N waypoints that will be visited by the UAV. The relative geometry between the UAV and the
ith waypoint is shown in Fig. [T} where the symbols U and W; denote the UAV and the ith waypoint, respectively. The
frame X;0Y] is a inertial coordinate. The notation y stands for the UAV’s flight path angle. In general, the UAV speed
is pre-determined according to specific mission objective and is maintained by an engine controller. For this reason, we
assume that the UAV is flying with a constant velocity V. The UAV changes its direction through the lateral acceleration
a. The variable a, denotes the UAV acceleration normal to the line-of-sight (LOS) direction. For simplicity, the UAV
is assumed to be an ideal point mass model, i.e., the autopilot has no time delay. The variables r; and o; represent
the relative range and LOS angle between the UAV and the ith waypoint. Based on the principles of kinematics, the

differential equations describing the engagement geometry, depicted in Fig. [T} are formulated as

i ==V cos0;
. V sin 0; !
o =——-
p (1)
a
y=—, ie{l,2,---,N
y=y i€d }
where 6; denotes the velocity lead angle and can be determined as
bi=y~-oi 2

Without loss of generality, assume that the N waypoints are ordered by the increase of their corresponding passing

times #7; as ty; < ty;+1. Around the ideal approaching course, the waypoint passing time can be approximated by
tri=—= ie{l,2,---,N 3
i v { } (3)
where r;(0) denotes the initial relative range between the UAV and the ith waypoint.

B. Linearized Kinematics

In this paper, optimal guidance laws will be derived based on a linearized model around the desired approaching
course. For the purpose of kinematics linearization, a new frame called the reference frame XgOYy is introduced, as
depicted in Fig. [T} This frame is rotated from the inertial frame by o7, which is the reference angle. Let y; = yw, — yu

be the relative displacement between the UAV and the ith waypoint normal to the X axis. In the reference frame, the



engagement kinematics can be expressed as

Yi =Vi
“4)
Vi = —agcos (o —o0p), i€{l,2---,N}
where v; is the relative velocity between the UAV and the ith waypoint perpendicular to the Xg direction.
The complementary equation that describes the relationship between a, and a is given by
ag = acos(y — oy) (&)

By choosing proper oy, the angle o; — 07y can be made relatively small since the LOS angle variation is small during
the flight if a guidance law works properly [29]]. In practical flight, the velocity lead angle is also relatively small [30].

With these assumptions in mind, the relative kinematics between the UAV and the ith waypoint can be formulated as

Vi =i

(6)
b=—a i€{l2-- N}
Define x = [y1, vi, y2, V2, . . ., yn v ]L € R2VX1 as the system state vector and y = [y1, ya, ..., yn]7 € RV*! as the
output vector. Then, the linearized equations of motion can be written in a compact matrix form as
X =Ax + Ba
(7
y=Cx
where A € R?™*2N i a block diagonal matrix, B € R*¥*! and C € R?V These three matrices are defined as
A =diag(A},As,...Ay), B=[BT,BL,... BL]", C=[C.C,....Cy]
0 1 0 ()
Ai: ) Bl: s Cl:[l O]s i€{1,2,~~~,N}
0 0 -1



C. Problem Formulation
In practice, the energy consumption is of paramount importance for a UAV since it determines the endurance of the

vehicle. For this reason, this paper considers the following quadratic integral control effort performance index

Nty
Z/ a® (r)dr, t<t5
i=1 !

N o ptri
1F.N / A (t)ydr, tpy <t<ts,
J:/ & (1) dr = ; : d ! )
t

If’N )
/ a”(t)dr, tpn-1 <t<trnN
t

The aim of this paper is to find analytical solutions of the following two generalized optimal waypoint-following

problems:

Problem 1 (Optimal waypoint-following guidance problem) Given the kinematics model ((6), finds the guidance

command a that minimizes performance index ([Q) and ensures perfect waypoint passing constraints
vi(tri) =0, i€{l,2,---,N} (10)

Problem 2 (Optimal waypoint-following with partial flight path angle constraint guidance problem) Given the kinematics
model (0)) finds the guidance command a that satisfies the same conditions as in Problem 1 and the additional M flight

path angle constraints
’Y(tf,l(]))z})/ld(j)v ]6{1,2,9M}9 l(])E{l,Z,,N}, MSN (11)

where () is the index of waypoints that have specific flight path angle constraints and 7ld(;') denotes the desired flight

angle of the UAV when it passes the 1(j)th waypoint.

III. Guidance Law Design for Optimal Waypoint-Following

A. Guidance Law Derivation
This subsection will derive an optimal guidance law to address Problem 1. To reduce the system order, the concept of

zero-effort-miss (ZEM) transformation [26,130] is used in this paper. The ZEM between the UAV and the ith waypoint,



denoted as Z;, is defined as

C;D; (l‘f,i, l) [vi, Vi]T, 1<ty
Z; = , ie{l,2,...,N} (12)

Zi (17.4) 1>ty

where ®; (tf’ i, 1) is the transition matrix associated with matrix A; and is determined as
O (t7,,1) = (13)

Substituting Eq. (I3)) into Eq. (I2) gives the ZEM as

Vi +1g0,iVis 1<ty
7 = , ie{l2....N} (14)

Zi (tr.0) 1>ty

where t,,,; = tr,; — t denotes the remaining flight time, or the so-called time-to-go, to pass the ith waypoint.

The ZEM dynamics can be obtained from Eq. (I4) as

. _tgo,ia, t < tf,i
7 = . ie{l2...,N} (15)

0, I

With this state transformation, the system order now reduces from 2N to N. Problem 1 reduces to a problem with the
same performance index given by Eq. (9) but reduced-order system dynamics (I5). Notice that the ZEM Z; represents
the miss distance between the UAV and the ith waypoint if, from the current time onward, the UAV will not apply any

maneuver input. With this in mind, the terminal constraints of the new system states are determined as
Zi(tpi) =0, ie{l,2,---,N} (16)
According to linear system theory, the solution of system can be obtained as
If.i
Z; (l‘f,i) —-Z; (I)Z/ —(l‘f,i—T)a(T)dT, t <ty (17
t
Imposing the terminal constraints (16 on Eq. gives

Zi(t) = / "=t a@dn, t<i (18)
t



Consider the Hilbert space H = L? [t, 1, N] with the inner product (f, g) = /ttf’i f(t)g(r)dr. According to
Lemma 1, shown in Appendix, if the guidance command a is optimal in terms of energy minimization, then there exist

N Lagrange multipliers 4;,i € {1,2,---, N}, such that the lateral acceleration command can be formulated as

A (lf,i - t), 1<t

IP=

-

I
)

i(tri—1), tp1 <t <t (19

AN (tgN —1), tpN-1 <T<tpN

The Lagrange multipliers A; can then be determined by introducing the expression in Eq. (I8) and solving the
resultant equations. Note that this approach can be viewed as the extension of Schwarz inequality method [31]] to
arbitrary number of terminal constraints. Without loss of generality, we only consider the case ¢ < #; in the following

derivations. By substituting Eq. (I9) into Eq. (T8) under condition ¢ < #y,1, we have

N
Z;i (1) = Z/llr/ tf,—‘r l‘fif—T)dT
i'=1
N tf min{i, 1/)
= [ (=) (g - 7)
i'=1
N tf min{i,i’} 2
= Z Ay / lf max{i,i’} = Lf,min{i,i’ }) (tf,min{i,i’} - T) + (tf,min{i,i'} - T) dr
/=1
N : (20)
go min{Z,i’} tgo min{Z,i’ }
= Z A 3 + ) (tf,max{i,i’} - [f,min{i,i’})
i'=1 L
N ’t3 t2
go,min{i,i’} go,min{i,i’}
= Z Ay 3 ) (tgo,max{i,i/} - tgo,min{i,i’})l
i'=1
3
Sy tg" max {i, i }tgo min{i,i’} tgo,min{i,i'}
=2, 2 6
i'=1

Define A = [, A, - - - ,AN]T and Z = [Z1, 2, -, ZN]T as the Lagrange multiplier vector and the ZEM vector,

respectively. Then, Eq. (20) can be rewritten in a compact matrix form as

Gl=12 21



where G € RV*N is a symmetric matrix, e.g., G' = G, and is given by

3 2 3 2 3
Tgo1  fgo2leon  Too o o Ig0.Nleo1 g0
3 2 6 2 6
3 2 3 2 3
l20,2 Ig03l552  lgop IgoNTgo0 g0
3 2 6 2 6
G=| "-. (22)
3 2 3
lgo,N-1  f80Nlgo No1 Too,N-1
3 2 6
3
tgo,N
3

From Eq. (ZI), the Lagrange multiplier vector A can be obtained as
1=G"'Z (23)

The guidance command for 7 < #y,1 can then be obtained by substituting Eq. (23) into Eq. (T9) as

T T
a=2a [tgo,b 1g0,25+ « +» tgo,N]
(24)

T
= (G_IZ) [tg,,,l, 10,25 - - +» tgo,N]T

Remark 1 Following similar procedures, the solutions for t > t1 can be easily obtained. For example, when

tr1 <t < ty2, the ZEM vector reduces to Z = [Z,, - -, ZN]T and the matrix G becomes

[ 3 2 3 2 3 T
tgo,Z t80:3tgo,2 _ tgo,z .. . ZSU’tho.Z _ tgo,Z
3 2 6 2 6
3 2 3 2 3
I20,3 g04lgs3 _ 20,3 Igo,NTgo3 _ 20,3
3 2 6 2 6
. . N-1)x(N-1
G=| - . e RIW-DX(N=1) - (25)
3 2 3
lgon-1  180.NTgoN-1 _ lgon-
3 2 6
3
tgo,N
3

The guidance command for ty)| <t <ty is then given by
-1 T T
a=(67'2) [tg02: 1505 1go.N] (26)

Remark 2 It can be noted that implementing the proposed guidance law requires the knowledge of waypoint passing
times t,. Notice that the approximated calculation, shown in Eq. (EI), is accurate only when the velocity lead angle

is zero, which might not be realistic in practics. For this reason, we update the passing time at every time instant



asty; =t +tge; =t+r;/V. It is worth pointing out that the approximation error of te,; = ri/V decreases as the
UAV approaches the ith waypoint. Therefore, accurate passing time can be obtained when the UAV is close to the ith

waypoint.

Remark 3 For the purpose of implementation, it is desired to formulate the guidance command in terms of measured

signals. Under the assumption that the LOS angle o; and the velocity lead angle 6; are small, Fig. [I| reveals that

_ i
ri

o — 09 27)

Taking the time derivative of Eq. (27) results in

Viti = Yifi
2

r:
i

o =

yiV +viri
= 2 (28)

r:
i

Vit Vilgo,i

2
Vieoi

Using Eq. (28), the ZEM Z; can then be written in an alternative form as

Z; = V(Tﬂz

go,i

(29)

Substituting Eq. ([29) into Eq. (24) gives the guidance command in terms of measured signals &;, V and r;. This
supports the practical application of the proposed guidance law. Note that although the proposed guidance law is
derived based on the linearized engagement kinematics, the error generated in the linearization process can be alleviated
by using Eq. ([29) in implementation since Eq. (29) transforms the original linear terms into their corresponding

nonlinear expressions.

Remark 4 It follows from Eq. (24) that implementing the proposed guidance law requires calculation of the inverse
of matrix G. Notice that the size of matrix G is proportional to the number of waypoints to be traveled. Therefore,
the complexity, or computational burden, of the proposed guidance law increases for a large number of waypoints.
However, compared with numerical optimization solutions, the proposed method is still much more efficient since the

guidance command is explicitly given as a feedback form of the measured signals.

Remark 5 Although the proposed guidance law is designed based on an ideal autopilot assumption, the algorithm

developed can be easily extended to more practical cases with autopilot delays. For example, let us assume that the

10



achieved acceleration a through the autopilot is subject to a first-order lag as

a=—-——a+ —a, 30)

where T, denotes the autopilot time constant and a. represents the guidance command generated by the guidance law.

For this first-order lag case, the ZEM Z; is given by [23,|32H34)]

t .
Vi +tgo,iVi —arﬁqﬁ( i_o’l), 1<ty
Z; = a ie{l,2,...,N} 3D
Z; (l‘f,,') , 1> 15,
where
¢(x)ée’x+x— 1 (32)
Then, the ZEM dynamics can be readily obtained as
tg(),i
) - T4 ( )ac, 1< tr;
7= Ta , ie{l,2...,N} (33)
0, t>tr,

Following similar procedures shown above, we can easily obtain the guidance command a. that can account for the

first-order autopilot lag.

B. Particular Cases

I.N=1
When there exists only one waypoint to be visited by the UAV, Problem 1 reduces to energy-optimal intercept

problem. For this specific case, the guidance command (I9) can be written as
a=1 (l‘f,l —l‘) (34)
Under condition N = 1, matrix G reduces to a scalar as G = tgo ,/3 and the single Lagrange multiplier can be
readily obtained as A; = 3/ tgo’lZl. Substituting this expression into Eq. gives the explicit guidance command as

37

a = 1‘2_
go,1

(35)

which coincides with the classical optimal PNG. As shown in [35], the PNG with a navigation gain three is energy

optimal in the case of single waypoint. However, from the previous derivation, it is clear that simply applying PNG to

11



every two consecutive waypoints is not energy optimal when the number of waypoints satisfies N > 2. The reason is

that PNG cannot control the UAV’s flight path angle and therefore the energy consumption of PNG is different from that

of the proposed guidance law if the arrival angles y (y,;) are different.

2. N=2

When there are two waypoints to be visited by the UAV, the guidance command @) under condition ¢ < #,; can be

written as

a= A (tr1—1)+ A (tr2-1)

and matrix G becomes

3 2 3
tgo,l tgovztgn,l _ tga,]

G 3 2
- 2 3 3
tg(’»ztgo,l tgo,l t'o,Z

2 T 76 3

The corresponding Lagrange multipliers can be readily obtained from Eq. (23] as

6 (2t3 Z1 + t3 Zp — 3t20’1tg0,222)

1 go,2 go,1 g
1 =
2
tzfu,l (tg(),Z - tg(),l) (4tg(),2 - tg(),l)
1 6 (tgo,lZl - 3tgo,221 + 2tg(1,122)
2 =

tgo,l (tgo,Z - tgo,l)z (4tgo,2 - tgo,l)

Substituting Eq. (38) into Eq. (36) gives the explicit acceleration command as

2 2
6 (Ztgoyzzl - l‘go,ltgo,zzl - th’IZQ)

a =
tzo,l (tg0.2 = tgo.1) (41g0.2 = 1g0.1)

Using Eq. (29), the guidance command can be reformulated in terms of measured signals as

a=NVo + N,Vor

where 5
-6 (tgo,l - 2tg0,2) tgo,Z _6tgo,2

Ny = , M=

(tgo,l - 4tg(),2) (tg(),l - tg(),Z) (tg(),l - 4tg(),2) ([g(),l - tg(),Z)

Define ag = N>V, Eq. can be further reduced to

a=NVo| +ag

(36)

(37

(38)

(39)

(40)

(41)

(42)

which means that the proposed guidance law can be viewed as a biased PNG law with a time-varying navigation gain N;

12



whent < t71.

In the following, we will analyze the effect of the biased term ap to provide better insights of the proposed guidance
law. To this end, we assume that the navigation gain N and the biased term ap are constant in the vicinity of the first
waypoint. For PNG with a constant biased term, the closed-form solution is given by [36]

— . N aB 2
v = Cltgo,l + Calgo,1 + N - 2tg0,1 43)

where c¢; and ¢; are constants determined by the initial conditions.
Since oy — 0 = y1/r1 = y1/(Vigo,1), we have

€1 N1 2 ap
= —t + =+ —————too1 + 44
T E Vot Ty Ty y gyt T 9

Differentiating Eq. (44) with respect to time gives the LOS rate ¢ as

T NI SN
o= = W= D1 - s (45)

It follows from Eq. 1; that lim N; =3 > 2. Hence, when the UAV approaches the first waypoint, LOS rate &

tg0g|—>0

becomes

. ap
lim oy =-—"28 46
oS0 T T TV (N = 2) (46)

Therefore, the acceleration command in the vicinity of the first waypoint becomes

lim M +
a=- ag +a
tgo,1—0" Nl -2 B B
2
= “47)
N 278
=N,V
where
122,
N, = ’ (48)
2 412, =22 |+ dgolgen

Since lim NJ — 3, the guidance command of the proposed guidance law under condition #,,; — 0 reduces to

tgo,l_>0+

lim a=3Va (49)

teo1—0"

which coincides with the guidance command when #¢; < t < t7,. This clearly reveals that the bias term N,V helps

to reduce the transient effect when the UAV passes the first waypoint.

13



3 N=3

When there are three waypoints to be visited by the UAV, the guidance command @ under condition 7 < #7; can

be written as

a=A14 (tf,l - t) + A (tf’z - l) + A3 (l‘f’3 - t)

and matrix G becomes

3 2 3 2 3
tgo,l tg“vztgo,l t 0,1 tg0~3tgo,1 _ z o,1
3 ) 6 2 6
2 3 3 2 3
G = tg“vztgu,l _ tgo,l tgv.z tgo,Sth,Z _ I&’Usz
2 6 3 2 6
2 3 2 3 3
8030501 _ Tgon  '803%500  Tgon Ig03
2 6 ) 6 3

Following previous derivations, the explicit guidance command is obtained as

3tg0,2 (tg0,3 - tgo,Z) [tgo,l (Ztgn,?: + tgn,2) - tg0,2 (4tg0,3 - tgn,Z)] Zl

a=
2 2
tgo,l (tg(),l - tgo,Z) (tg(),3 - tgo,Z) (Ztgo,ltgo,z + tg(),ltgo,S - 4tg(),2tgo,3 + tro,Z)

3 (tg0,3 - tgo,l) (Ztgo,?a - tg0,2 - tgo,l) Z2 - 3(l‘go,l - tgo,2)223

2
(tgo,l - tgo,Z) (tgo,3 - tgo,Z) (Ztgo,ltgo,Z t1g0,11g0,3 — 4tgo,2tg0,3 + tgo,Z)

Using Eq. (29), the guidance command can be reformulated in terms of measured signals as
a=NVd + N,V + N3V

where

3tgo,2 (tg0,3 - tgo,2) [tgo,l (2tgo,3 + tgo,Z) - tg0,2 (4tg0,3 - tgo,Z)]

| =
(tgo,1 = tg0,2) (tg0,3 — tg0,2) (Ztgo,ltgo,2 +1go,11g0,3 — 4go2lgo3 + tEO,z)

312, (lg03 = 1g0.1) (2503 — g0 — Ig0.1)

N, =
(tgo,l - tgo,Z) (tgo,3 - tgo,Z) (2tgo,ltg0,2 + tgu,ltgo,S - 4tg0,2tgu,3 + t§0,2)

2
N3 = — 3t§0,3(tg071 - th,Z) )

(fg0.1 = 130.2) (tg0.3 — 1g0,2) (2tg0,1tg0,2 +1g0,11g0,3 — 41g0,21g0,3 + tgo,z

Recall the results derived for N = 2, the guidance command for #¢; < t < t¢5 is determined as
a= NZ/VG'Q + N3’V0'3

where .
N/ = -6 (tgo,Z - 2tgo,3) 1g0,3 N = _6tgo,3
2 (tgo,Z - 4tg0,3) (tg0,2 - tgo,S) ’ 3 (tgo,Z - 4tgo,3) (tga,Z - tgo,3)

14
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(52)

(53)

(54)

(55)

(56)



Therefore, the explicit guidance command for N = 3 is given by

NIVo + NoVoy + N3V, t <tr
a= N2/VO"2 + N3lV0"3, tr1 <t <tfn (57)
3Vas, tro <t < I3

Following similar procedures shown in the previous subsection, the characteristics of the proposed guidance law

near the waypoint can also be analyzed in a theoretical way using the concept of biased PNG.

IV. Guidance Law Design for Optimal Waypoint-Following with Partial Flight Path Angle
Constraints
A. Guidance Law Derivation
In practice, it is desirable to constrain the UAV’s flight path angle as some fixed desired values at some certain
waypoints for surveillance missions. For this reason, this subsection will derive an optimal guidance law to address
Problem 2. With the ZEM state transformation provided in the previous section, Problem 2 reduces to a problem with
the same performance index given by Eq. (9) but reduced-order system dynamics (I5). The terminal constraints are

determined as

Zi(tr;) =0, ie{lL,2---,N}

(58)
y () = vy Je{l2-- M}, 1()ef{l,2---,N}, M<N
According to the linear system theory, the solution of ZEM and flight path angle can be obtained as
If.i
Z; (lf,i) - Z; (l)Z/ —(lf,i—T)a(T)dT, 1<ty
t
: (59)
Ir1G) g (T)
Y (tra) =7y (@) = / - dn 1<t
t
Imposing the terminal constraints on Eq. (59) gives
If.i
Zi (tr.0) = / (tri —7)a(r)dr, t<ts;
' (60)

1.10) g (1)
YfIU)‘V(t)zf v 4n 11
t

According to Lemma 1, shown in Appendix, if the guidance command a is optimal in terms of energy minimization,

then there exist N + M Lagrange multipliers A;, 8;,i € {1,2,--- ,N}, j € {1,2,---, M}, such that the lateral acceleration
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command can be formulated as

with

~-

Il
—_

-

Ul
9]

ap =

AN (l‘f,N - t),

A (tf,,' - l‘),

Ai (tf,,' - t),

a=ay+ag

1 <11

tr1 <t <tf

trN-1 <t <IN

b}

aﬁ—

M=

M=
<> <|>

~.
Il
—_

~.
Il
(S

PM
v

> Iriy < =Ipu)

(61)

- PR

(62)

Iram-1) <t =< Irum)

where a, refers to the ZEM regulation term and ag represents the flight path angle error regulation command.
Similar to previous section, we only consider the case ¢ < fy; in the following derivations. The solutions for # > £

can be easily obtained through similar procedures. Substituting Eq. @) into Eq. @]) under condition ¢ < ¢ results in

N
Zi (1) = Z/l,r/ tfl—‘r tf,«—‘r dT+Z / tf,—‘r

i

II
—_

N . . (63)
f min{i, 1'} f ., min{i,I(j’ )}
:Z/L// i —T) (tr0 = 7) dT+Zﬂj/ i —T)dt
i’'=1
N tea0s M tras
Ay [0 Bir 110
d _ i J
71(/)_7_27‘/[ (l‘f,i’—T)dT-FZW‘/I dr
=1 =1
(64)
Ay /’f,mmuczm} B ‘/‘tf,mm{l(n,lo’))
=) - trp—T1)dr+ ) = dr
i,; \% . ( fii ) ; V2 .
Evaluating the integrals in Egs. (63) and (64) gives
Lf min{i,i’}
/ (tri = 7) (tr.r = 7) dT
t
Tf min{i,i’} 2
= / (tf,max{i,i’} - tf,min{i,i’}) (tf,min{i,i’} - T) + (tf,min{i,i’} - T) dr
t
tgo,min{i,i’} tzo,min{i,i’} 65
= 3 + > (tf,max{i.i'y = Ifmin{i.i’}) (65)
[3 t2
go,min{i,i’} go,min{i,i’}
= (tgo,max{i,i’} - tgo,min{i,i’})
3 2
3
_ Tg0,max{ii }tgo min{i,i’} tgo,min{i,i’}
B 2 6
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Ly, min{i,1(j")}
/ ’ (tri—7)dr =
t

If. min{i’,1(j)}
[ = vyae -
t

ftt'f'i (tri — 7) dr,

t i’ . .
/tlf’l(J ) (tf,l(j') = T+1fi— tf,l(j')) dr, 1> l(]')

i <1(j")

(66)
féo.i, i<lI( '/)
p— 2 ’ j
- t;o 1) . Iy
tgo,itgl),l(j/) - —2 , 1 > l(] )
tr i i j
[ (10 - 7) d, i <1(j)
t. . r /
L7 tpagy — T+t = tragy) dT. 2 L()) -
7
2
ot i <1(j)
- o) s i
Igoitgol() — =75 » 1 2 L)
tf,min{l(i),l(f/))
/ dr = Lgo,min{l(j).1(")} (68)
t

T
Define 8 = [B1, B2 - - - » Bum]! and e, = [71%1) -, 71?2) Y, yl‘fM) - y] as the Lagrange multiplier vector and

the flight path angle error vector, respectively. Substituting Eqs. (63)-(68) into Eqs. (63) and (64) yields

where G; € RV*N is a symmetric matrix which is given by

3
go,l

3

and G, = G}, = (g;j) € RV*M with elements g;; being

17

A Z G, G
G = , G= (69)
B ey, Gy G
tg”vztéo,l _ ’20,1 o o tg"thz’u,l _ ’20,1
2 6 2 6
t;o.Z 180’3120.2 _ tgo,z o ’xv’Nléo.z _ tgo,z
3 2 6 2 6
(70)
’20,1\/71 tg":NtZ:u,Nfl _ ’20,1\/71
3 2 6
t;o‘N
3
2
.
0,1 . .
e, i <1(j)
A% 71
8ij = 2 (71)
t n,it o,1(j o,l(j . .
8 g0,1(j) _ 8 (]), i> l(])
\% 2V



and G, € RM*M g a symmetric matrix which is obtained as

Igol(1) Igoi(y - e Igo,i(1)

tgo,l(Z) tg(),l(Z) e tgr),l(Z)
G, = — (72)
tgo,i(M-1) Igo,i(M-1)

tg(),l(M)

From Eq. (69), the Lagrange multiplier vectors A and B can be obtained as

=G™! (73)
B (2%

The explicit guidance command for # < #; can then be readily obtained by substituting Eq. into Eq. (61) as

T T i1 1 1"
a=A4 [tgt),lstg(),2,~~-’tg0,N] +ﬁ V’ V,u-’v
—————
M elements
T T (74)

z 11 1
=|G"! Tao s Teo.2s -« s Lo Ny =3 —s v+ vy —
go, 1> tgo, go,N V'V %
€y ———

M elements

Remark 6 From Eq. (74), it is clear that the implementation of the proposed guidance law requires the inverse of
matrix G. Since matrix G is defined as a block form, the block inverse approach [37] can be applied to simplify the

matrix inverse calculation as

s | (@-GeGGL) T GGG 6uGi 6l o
_(GZ - GlZGl_lGsz)_lGszGl_1 (GZ - GlZGl_lGsz)_1

Remark 7 Note that the proposed guidance law is generic. For this reason, it can be applied to general UAV
waypoint-following guidance missions with an arbitrary number of waypoints and an arbitrary number of arrival angle

constraints. However, the computational burden increases with the increase in the number of boundary constraints.
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B. Particular Case: M = N

Let us consider the case that the UAV is required to pass multiple waypoints and every waypoint requires a specific
arrival angle yid. For this specific case, the proposed guidance law is equivalent to TSG applied to every two consecutive
waypoints. To validate this, let a; and a; be, respectively, the guidance commands of the proposed guidance law and TSG
between the (i — 1)th and the ith waypoints, with i = 0 being the initial point for convenience. The corresponding energy

consumptions of these two different guidance laws between the (i — 1)th and the ith waypoints are then determined as

If,i+1
Ji = / aiz (r)dr
tf,i
o ptran (76)
Ji = / c_ll-z (r)dr

tri

The equivalence of these two guidance laws will be proved through mathematical induction. When there exists only
one waypoint to be visited by the UAV with a specified flight path, e.g., N = 1, Problem 2 reduces to energy-optimal
rendezvous problem. Then, the guidance command of the proposed guidance law, shown in Eq. (6I)), can be formulated
as

a= A (tf,|—t)+% (77)

Note that matrix G under condition N = 1 becomes

3 12

.Io, 1 go,1

3 2v
G = (78)
2
tgo,] tgo,l
2V V2

From Eq. (73), we can readily solve the Lagrange multipliers as

Z tgo,
Al v | G 0 -y) 79
f 0 2o
Br) e | e S -y
Substituting Eq. into Eq. gives the explicit guidance command as
6Z 2V
a=—5—-—y-vy (80)
2

20,1 tgo,l

which coincides with the classical TSG. As shown in [35], the TSG is energy optimal in the case of single waypoint

with an arrival angle constraint.
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Table 1 Inertial positions of all waypoints.

Waypoint ID  Inertial position
1 (1000m, 500m)
2 (2000m, 750m)
3 (2500m, 1000m)
4 (4000m, 1500m)
5 (6000m, 2000m)
6
7
8

(7500m, 1500m)
(9000m, 1000m)
(11000m, Omr)

By the mathematical induction concept, assume that for N = L > 1, we have

ap=ar, Jo=Jr (81)

which means that both guidance laws ensure the same flight path at the Lth waypoint.

Then, for N = L + 1, if the guidance command of TSG is different from the proposed guidance law, e.g., ar | # dr+1,
we have Jy 41 < Jpr41 since the proposed guidance law guarantees global optimality. Notice that both guidance laws
have the same boundary constraints at the (L + 1)th waypoint. This means that condition ay; # dp+; violates the
optimality of TSG. Therefore, we have ay .1 = dr+1 and consequently these two guidance laws provide the same level
of optimality of energy consumption when M = N. However, for the problem with M < N, TSG is not applicable and

applying hybrid PN/TSG to every two consecutive waypoints is obviously not energy optimal.

V. Numerical Simulations
In this section, nonlinear numerical simulations are performed to validate the proposed guidance law. In the
considered scenario, a UAV with constant speed V = 30m/s is required to follow 8 waypoints. The UAV initially locates

at (Om, Om) with an initial flight path angle of 30°. The inertial positions of all waypoints are summarized in Table

A. Performance of Guidance Law (24)

This subsection considers the problem of minimum effort waypoint following without any arrival angle constraint to
validate the effectiveness of guidance law (24)). For the purpose of comparison, the optimal PNG is also applied to every
two consecutive waypoints in the simulations. Fig. [2|(a) compares the UAV flight trajectories obtained from these two
different guidance laws. From this figure, it is clear that both guidance laws can successfully drive the UAV to follow
the desired waypoints. The maximum recorded miss distance between the UAV and the waypoint under both guidance

laws is less than 0.1/ in the simulations. The flight path angle response comparisons are shown in Fig. [J](b). As shown
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Fig.2 Comaprison results without angle constraint. (a) Flight trajectory. (b) Flight path angle. (c) Acceleration
command. (d) Performance index

in this figure, the UAV guided by PNG shows sharp turns when it passes waypoints while the proposed guidance law

ensures a smooth trajectory.

The acceleration commands of different guidance laws are presented in Fig. 2] (c), which shows that the guidance

command under PNG exhibits discontinuity when passing waypoints. As a comparison, the proposed optimal guidance

law generates a continuous command, which is more desirable for the implementation. The quantitative comparison

results of energy consumption obtained from both guidance laws are summarized in Fig. [2](d). From this figure, we

can clearly observe that the proposed guidance law requires less energy consumption, compared with PNG. In the

considered scenario, the proposed guidance law helps to reduce more than 40% energy consumption. Therefore, the

UAV guided by the proposed approach is expected to have longer endurance than PNG.
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B. Performance of Guidance Law li

This subsection considers the problem of minimum effort waypoint following with partial arrival angle constraint
to validate the effectiveness of guidance law (74). In the scenario considered, we assume that the UAV is required to
pass the 4th waypoint with desired flight path angle 0° and the 8th waypoint with desired flight path angle —90°. For
comparison, the optimal guidance law (OGL) is also applied to every two consecutive waypoints in the simulations. The

OGL considered here is defined as

TSG, if next waypoint requires specific arrival angle
OGL =

PNG, Otherwise

The UAV flight trajectories and flight path angle profiles obtained from OGL as well as the proposed guidance law
are shown in Figs. 3] (a) and 3] (b), respectively. These two figures reveal that the UAV guided by both guidance laws can
successfully accomplish its waypoint following mission. The recorded miss distance and flight path angle error obtained
from both guidance laws are less than 0.1m and 0.5° in our simulations. Compare with previous scenario without any
arrival angle constraint, PNG generates the same trajectory for the first three waypoints. On the other hand, the UAV
flight trajectory under the proposed guidance law shows slight difference since the additional angle regulation term ag
starts to work from the beginning.

Fig. [3|(c) compares the UAV acceleration command generated by these two different guidance laws. Unlike the
previous scenario, the proposed guidance law also shows discontinuity when the UAV passes a waypoint that requires
a specific arrival angle, e.g., the 4th waypoint in the considered scenario. The reason for this fact is that the angle
regulation term S /V disappears when ¢ > t 4. After passing the 7th waypoint, there exists only one waypoint, i.e., the
8th, to be visited with a specific arrival angle constraint. For this reason, the proposed guidance law reduces to classical
TSG when t > t77. Therefore, the proposed guidance law and OGL are expected to share similar characteristics during
that period, which is confirmed by Fig. [3|(c). The quantitative comparison results of energy consumption obtained
from both guidance laws are presented in Fig. [3[(d). From this figure, it can be noted that the proposed guidance
requires approximate 20% less energy consumption in the considered scenario, compared with OGL. For this reason,

the proposed guidance law can be utilized to increase the endurance of the UAV.

VI. Conclusions
This paper discusses the minimum-effort waypoint-following guidance problem for a UAV. Both optimal waypoint-
following guidance and optimal waypoint-following guidance with partial flight path angle constraint are rigorously
derived using optimal control theory. When there exits only one waypoint to be traveled by the UAV, the proposed

guidance laws reduce to the well-known PNG and TSG. The guidance law developed is generic and can be applied to an
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arbitrary number of waypoints with/without an arbitrary number of arrival angle constraints. Although the proposed
guidance law is derived based on a linear kinematics model, nonlinear numerical simulations clearly validate the
effectiveness of the proposed guidance law.

By exploiting the advantages of the proposed approach, the guidance law developed in this paper can also be applied

to midcourse guidance of sea-skimming anti-ship missiles and cruise missiles.

Appendix: Lemma 1

This appendix collects a useful lemma from [38]] that has been utilized in the derivation of the proposed guidance

laws.
Lemma 1 Let H be a Hilbert space and a1, @y, - - - , &, be a set of n linearly independent vectors in H. If the condition
(x,@;) =c;, i € {1,2,---,n}, with ¢; being arbitrary scalars, holds among all vectors of H, then, the one that has the

minimum norm is given by
n
Xmin = Z bia;
i=1

where the coefficients b; satisfy the condition

n

Z(ahaj):b]'? je{laza”'vn}

i=1
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