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Cross Track Error and Proportional Turning Rate Guidance of

Marine Vehicles

Fotis A. Papoulias’

The problem of turning rate guidance and control of marine vehicles is considered. Feedback with feed-
forward rudder control is used to deliver a specified turning rate for the vehicle, while a guidance law
is employed to create the necessary sequence of turning rate commands which would allow conver-
gence to a desired geographical path. Two different guidance schemes are presented and analyzed,
namely, cross track error and proportional turning rate guidance. Stability conditions are computed ex-
plicitly, while nonlinear analysis techniques illustrate the significance of design parameters on the final
system response that cannot be inferred from linearized stability results.

Introduction

SvALL UNMANNED marine vehicles suitable for use in both
naval and commercial operations have unique mission re-
quirements and dynamic response characteristics. In partic-
ular, they are required to be highly maneuverable and very
responsive as they operate in obstacle-avoidance and object-
recognition scenarios. The need, therefore, arises to main-
tain accurate path-keeping in confined spaces and shallow
waters under the influence of steady- and time-varying ex-
ternal forces. The primary vehicle guidance system is based
on heading or turning rate commands that are generated
based on a specified geographical sequence of desired way
points. Speed commands can be generated by incorporating
temporal attributes to the way points. These guidance com-
mands are then passed to the vehicle controller which at-
tempts to deliver the commanded heading and/or heading
rate of change by an appropriate use of the vehicle control
surfaces (Healey et al 1990). Unlike open sea operations, for
vehicle missions in coastal areas and confined waters, the
way point sequence must be very dense so that satisfactory
path accuracy is maintained. One efficient way of maneu-
vering through a given way point sequence is by using a
line-of-sight guidance law which commands a heading angle
that is directly related to the line-of-sight angle between the
vehicle position and a desired destination point. The vehicle
controller is then an orientation control law which delivers
the commanded heading. Previous studies (Papoulias 1991,
1992), have demonstrated that this scheme is guaranteed
stable only if the way point separation is above some critical
value. This conclusion is true regardless of the particular
form of the line-of-sight guidance or the heading control law
used. Similar results hold for vertical plane guidance (Pa-
poulias 1992), although additional instabilities are possible
here due to the existence of the metacentric height. In this
work we analyze the turning rate guidance and control prob-
lem in the horizontal plane, where the guidance law de-
mands a specific yaw rate response from the controller. A
linear state feedback with a feedforward term (Friedland
1986) control law is used, while two different guidance
schemes are considered. The first, a cross track error guid-
ance, is very popular in land-based robotic applications
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(Kanayama et al 1990), and the second, a proportional guid-
ance law, is predominantly used in aerospace applications
and interception/evasion problems (Brainin & McGhee 1968).
Stability analysis is performed and bifurcation theory tech-
niques (Hassard & Wan 1978, Guckenheimer & Holmes 19831
are utilized in order to assess the dynamics of the system
upon initial loss of stability. All computations are performed
for the Naval Postgraduate School autonomous test-bed ve-
hicle for which a complete set of geometric properties and
hydrodynamic characteristics is available (Bahrke 19921.
Unless otherwise mentioned, all results are presented in
standard dimensionless form with respect to the vehicle length
¢ = 2.3 m and nominal forward speed « = 0.6 m/s, which
corresponds to a Froude number of 0.13. At these conditions,
the vehicle is very maneuverable due to a total of four rud-
der surfaces with a maximum turning rate of about 9 deg
per second and a turning radius of less than two vehicle
lengths.

1. Problem formulation

In this section we present the vehicle equations of motion
in the horizontal plane. The control law is based on the dy-
namic equations in sway and yaw, whereas guidance is
achieved through the use of the kinematic relations.

Equations of motion

Restricting our attention to the horizontal plane, the
mathematical model consists of the nonlinear sway and yaw
equations of motion. In a moving coordinate frame fixed at
the vehicle's geometrical center (see Fig. 1), the maneuver-
ing equations of motion are

mw+ur+xef) = Y,r + Yo + Your + Youv + Yu®

—0.5pCpfR(E)V + £nv + &r|dE (1)

Li + mxg(0 +ur) = N, + No + Noaur t Nuv + Nau®s
~0.5pCpfREN + ENfv + ErlE dE 2

where u is the vehicle forward speed, v and rare the relative
sway and yaw velocities of the moving vehicle with respect
to the water, and the rest of the symbols are explained in
the Nomenclature. Equations (1) and (2) can be written as
two first-order decoupled equations in the form

U = apuv + apur + bu®d +dv, r) (3)

F = aguv t agur + bou® +dv, r) (4)
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Fig. 1 Vehicle geometry and definitions of symbols

where the coefficients ay, b; are functions of the hydrody-
namic derivatives, geometric properties, and rudder coeffi-
cients. The terms d,(v,r) and d,(v,r) represent the contri-
butions from the quadratic drag terms in (1) and (2). In the
above form, the equations of motion are valid for both small
and large drift angles. Drag related terms are relatively small
for regular cruising operations, u* (v + xr), and the vehicle
response is, therefore, predominantly linear. For a vehicle
operating near hover, u <(v + xr), the quadratic drag forces
dominate the response. The surge velocity u is clearly af-
fected during the turn due to the added drag in turning. For
the purposes of this study it is assumed to be constant. This
is a valid approximation since experimental experience has
shown that the propulsion control law is, in general, capable
of keeping the forward speed relatively constant at the com-
manded value (Bahrke 19921.

Feedback control

A linear rudder feedback control law based on the linear-
ized set of equations (3) and (4),

U= apuv + apur + biu®d (5)
F = Qayuv + agotir + byu®d (6)

has the form
8 = kytkr (7)
where %, %, are the feedback gains. By substituting (7) into
i&i')gr?nd (6) we can find the closed loop characteristic equa-
M+AMN+A =0 (8)

where
A, = —[ay + ag + (bik, + bokulu, and

Ay = [a11002 — A12021 + (b1G20 — baasa)uk,
+ (bzan - b1a21)ukr]u2.

If the desired characteristic equation is
M+ah+a,=0 (9

we can equate the coefficients of (8) and (9) and get the fol-
lowing system of linear equations

kb’ + kbou® = —ay —(ag; + axlu

3
kf@agby — a12b)l’ + kla1by — anbu
2
= oap — (@102 — Q120U

to be solved for the gains k, and k..

The coefficients «y, oy Of the desired characteristic equa-
tion (9) can be specified according to standard second-order
system transient response specifications (Friedland 19921. In

Nomenclature

a, = open loop state coefficients
inv, r model
A = linearized system matrix
b, = open loop rudder coeffi-
cients in v, r model
Cj = drag coefficient
d = proportional guidance law
preview distance
1, = vehicle mass moment of in-
ertia
I = cubic stability coefficient

k,, k. = control law feedback gains

k. or &y =control law feedforward gain
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ks, k, = cross track error guidance

gains

k,,, ko = proportional guidance gains

m = vehicle mass
N = yaw moment
N, = derivative of N with respect

toa
PAH = Poincare-Andronov-Hopf bi-
furcation
r =yaw rate

r.= commanded yaw rate

R = polar coordinate of trans-
formed reduced system

t=time
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T = matrix of eigenvectors of A
T, = zeroth-order approximation
of limit cycle period

T, = control law time constant

T, = guidance law time constant
u = vehicle forward speed

v = sway velocity

v, = ratio of steady-state sway
velocity to steady-state
turning rate

state variables vector

body-fixed coordinate of ve-
hicle center of gravity

y = deviation off commanded
path

sway force

derivative of Y with respect
to a

z = state variables vector in ca-

nonical form

X
Xa

Y
Y.

2, 29 = critical variables of z
23, 24 = Stable coordinates of z

Greek symbols

o; = coefficients of desired con-
trol characteristic equa-
tion

a' = derivative of a with respect
to d evaluated at d.;;

B: = coefficients of desired guid-
ance characteristic equa-
tion

& = rudder angle

3. = saturation level of rudder
angle
e = difference between a bifur-
cation parameter and its
critical value
6 = polar coordinate of trans-
formed reduced system
¥ = vehicle heading angle
o = line-of-sight angle
w, = positive imaginary part of
critical pair of eigenval-
ues evaluated at critical
point

= derivative of @ with respect
to bifurcation parameter
evaluated at critical value
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this work we use the controller time constant, T, as the
parameter. Then the desired characteristic equation is

1\’ , 2 1
At—] =0 orA®+ —A+—5=0
TC < c

and comparing with (9) we see that
2 1

Qg =

Te TZ

Q=

Specification of a controller time constant T¢ then deter-
mines the feedback gains k,, k. uniquely.

Feedforward control

The control law (7) guarantees stability of v=r =0 of (5)
and (6), in other words, straight line motion at an arbitrary
heading. When the commanded angular velocity r. is non-
zero the control law is slightly modified to

d=ky + kir—r)+k.r, (11)

where k. is the feedforward gain. The feedback gains %,, &,
remain the same since the drag terms d,(v,r),d (v, r) are
small and, therefore, the linearized dynamics of (3) and (4)
around r. do not differ significantly from (5) and (6). The
feedforward gain k. is computed based on steady-state ac-
curacy requirements. At steady state, equations (5) and (6)
yield

_ biage — byasy _ 021012 — 1102z

12)

c

N boayy — biag - (botyy — bragyu

Substituting (12) into (11) and requiring that r = r. at steady
state we can solve for k. and finally write the control law
(12) in the form

8 = Rk + k. — kgur. (13)

where

1

k= —m78M
° (bottyy — b1a21)u3

(14)

With the above feedforward gain the control law is complete.
It should be mentioned that all gains %, k,, 2, depend ex-
plicitly on the forward speed z and are, therefore, continu-
ously updated every time a different forward speed is com-
manded.

The feedforward gain %, computed from (14) ensures that
the steady-state turning rate r equals the commanded value
r. for the linear system (5) and (6). In general, we can see
from (3) and (4) that at steady state r#r.unless d, =d, =
0. As the controller time constant T¢ is decreased, the con-
trol law becomes tighter and the steady-state error |r —r,|
will be smaller. In practice, the above steady-state error could
not be made zero due to uncertainties in the vehicle hydro-
dynamic description and other unmodeled dynamics. One way
to ensure steady-state accuracy in r would be to abandon the
use of the feedforward gain %, and to introduce integral con-
trol. This approach is not favored since it results, in general,
in oscillatory transient response (Friedland 1992). The other
alternative is to use a time varying r. such that convergence
to a specified geographical path is achieved. This is accom-
plished through the introduction of the guidance law pre-
sented in the following sections.

Cross track error guidance

In order to achieve path control to a commanded route in
the horizontal plane, the commanded turning rate r. must
be appropriately selected. This constitutes the guidance law
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design. Without loss in generality we can assume that the
commanded path is a straight line. This is not a very re-
strictive assumption since every smooth path can be discre-
tized into a series of straight-line segments as accurately as
desired.

The guidance law is based solely on kinematics, whereas
vehicle dynamics are handled by the rudder control law.
Guidance law development is therefore based on

b=r.

y=usiny

(15)
(161

where r, is the commanded turning rate and the lateral ve-
locity v is assumed to be zero in (16). Cross track error guid-
ance is achieved by

(17)

The closed loop characteristic equation of (15),(16), and (17)
is

re = kU +ky

N —kN—ku=0 (18)
If the desired characteristic equation is
M +BA+B,=0 19)

the guidance law gains k,, &, are obtained by equating the
coefficients of (18) and (19)

(20)

Analogously to the control law design, if the time constant
of the guidance law is selected to be T, then (20) results in

2k— 1
T T%u

By = — @1

Selection of T then determines %, and k&, uniquely.

Although this development followed the small angle ap-
nroximation sin ¥==1, it is not difficult to see that negative
values of &, ‘and &, guarantee stability of the nonlinear sys-
tern (15) and (16). The associated total energy of the system
is

A 1.
E, 4 = 3 U — kyu(l— cos )

which can be viewed as the sum of kinetic and potential en-
ergy. Using (15) and (17) this is written as

1
EQ, y) = 2 (Ryl + kyy)* = kyu(l = cos ¥)

We note that E(4, y) provides a Lyapunov function candidate
for (15) and (16) since E(0, 0) = 0 at the unique equilibrium
(W, ¥) = (0, 0) and EW, y)> 0 for (4, y) # (0, 0), because &,
< 0. Moreover, we have

g OB db OB dy
b dt 9y dt
= [yl + Bk, — kyu sin Ylkyb + &,y)
+ (kg + By kyu sin ¥
= kb + B y)*

which, since k, <0, is negative semi-definite. Therefore,
Lyapunov’s theorem guarantees stability of the nonlinear
system (15) and (16) (Guckenheimer & Holmes 19831.
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Proportional guidance

Proportional guidance with an integral term (Brainin &
MeceGhee 1968) is achieved by
re = kyo + k(o — ) (22)
In this fashion, the commanded turning rate attempts to close
in on the difference between the vehicle heading ¥ and the
line-of-sight angle cr. The additional term which is propor-
tional to the line-of-sight rate of change ¢ adds damping in
cases where ¢ changes rapidly in time such as obstacle-
avoidance, object-recognition, or terrain-following tasks. The
line-of-sight angle is defined as the angle between the ve-
hicle longitudinal axis and a target point located ahead of
the vehicle on the nominal path at a constant preview dis-
tance d, as shown in Fig. 1. For the straight-line nominal
path case we have

6= —tan12
d

(23)

The proportional guidance characteristic equation is ob-
tained from (151, (16),(22), and (23) as

A2+<%+k)>\+é‘—’z~0 (24)
. d ’ d
and by comparing coefficients of (19) and (24) we get
d du — 2
b, = BL) k= B% (25)
U u

where B, 8, are explicit functions of the guidance law time
constant T, as before.

2. Stability conditions

The turning rate control law developed in the foregoing
section was designed to guarantee convergence to a constant
commanded value of r,, as well as to a series of step changes
in r.. The controller time constant 7¢ is inversely related to
the bandwidth of the closed-loop (v, r) system (Friedland 1986)
and this means that progressively smaller 7 values will en-
sure following of a time-varying commanded value r.(i) with
smaller steady-state error. The common characteristic of both
cross track error and proportional guidance laws, however,
is that the commanded value r. is a function of the vehicle
state. This generates an additional loop encompassing the
closed-loop steering dynamics and unless proper conditions
are met, this outer loop may have a destabilizing effect. The
purpose of this section is to establish these conditions ex-
plicitly so that stability of the combined guidance and con-
trol scheme is guaranteed. In particular, we seek those (T,
T) combinations that result in motion stability. From the
design point of view this is needed for the following reason:
Smaller values of (T¢, T¢) result in a very responsive guid-
ance and control law with excellent path-keeping capabili-
ties. On the other hand, there is a limit on the values of (T,
T¢) based on sensor noise. Therefore, in practice one should
select the smallest possible (T¢,Tz) combination that guar-
antees stability as established through the analysis of this
sections and Section 3.

Cross track error guidance

The complete system is given by the vehicle dynamic and
kinematic equations
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b=r (26)
= g uv + aur +bud (27)
F = Quuv + aggur + boud (28)
¥ =usin ¢+ v Ccos (29)
and the combined guidance and control law
d = ko + ko — koor,
= kv + k.r — koog(kyy + k,y) (30)

In a compact vector notation the linearized form of the sys-
tern is written as

(31

where the linearization is performed around the nominal
equilibrium state ¢ = v =r = y = 0. Motion stability is then
established by the eigenvalues of A: if all have negative real
parts the nominal straight-line motion is dynamically sta-
ble, while if at least one eigenvalue of A is positive, stability
is lost. Writing out the characteristic equation of (31) we get

M+EBP+CN+DV+E=0 (32)

x=Ax, x=[bu,r y"

where
B =«
C = ag— (0,83 + bouBukyas
D = afrtdiogf,
E =
and

_ 752 + byayy — biagy
k (bea11 — brag)u ~

If we apply Routh’s criterion to the quartic (32) we find
the following two active conditions for stability

BCD -B!E-D*> 0,
D>0

and

Explicit evaluation of conditions (33) and (34) results in

Z[T?} - (bl + 2b2TGu)uk(,](2TG + dl)
4T% + (2T + dy)?

Te < (35)

1
Tq > 5 d, (36)

In our problem, condition (36) is always satisfied, and, there-
fore, the only active stability condition is (35) which de-
mands that for a given guidance time constant T, the con-
troller time constant T must be less than a computable
critical threshold. Since smaller values of ¢ correspond to
a tighter control law, this result is physically realizable in
the sense that the control law must be sufficiently more re-
sponsive than the guidance law to guarantee path stability.

A plot of our stability condition (35) is presented in Fig.
2, where all variables are given in dimensionless form with
respect to the vehicle length and forward speed. For large
values of T; the asymptotic form of (35) is Tc¢<0.5T¢ +
const., or any increase in the guidance law responsiveness
must be accompanied by double the increase in the autopilot
responsiveness.

If condition (35) is not satisfied, one pair of complex con-
jugate roots of (32) possesses positive real parts and as a
result the response of the vehicle is oscillatory. The zeroth-
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Fig. 2 Cross track error guidance: critical value of T versus Tg

order approximation for the period of the oscillatory re-
sponse is

_21'r

T, = (37)

o

where o, is the absolute value of the imaginary part of the
critical pair of eigenvalues. The above stability analysis re-
sults are confirmed by the time simulation of Fig. 3, for T
= 0.5 and two different values of T¢. For this value of Ty
the critical value of T is 0.87 and equation (37) predicts a
period of 3.6 dimensionless seconds, which is close to the nu-
merical integration results observed in the figure. As T¢ is
decreased below its critical value, stability of straight-line
motion is guaranteed. The time simulations of Fig. 4 present
a slightly different picture, however. Here T;=0.25 and the
critical T = 0.6925. For T-=0.7 a large-amplitude periodic
motion is developing, unlike the case of Fig. 3 where the
periodic solution is concentrated in the vicinity of the nom-
inal equilibrium. The period of this periodic solution is sig-
nificantly larger than the value of T, =2 predicted by (37).
Furthermore, for T = 0.4 < 0.6925 it appears that conver-
gence to the nominal equilibrium is guaranteed only for ini-
tial conditions that are located very close to equilibrium. The

Fig. 3 Cross track error guidance: simulation results for T = 0.5 and two
different values of T¢
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Fig. 4 Cross track error guidance: simulation results for T5 = 0.25 and two
different values of T

above difference in the response between the two cases, T¢
=0.5 and T¢ = 0.25, cannot be predicted by our stability
analysis so far, and is the subject of studies performed in
Section 3.

Significance of feedforward control

At steady state, equations (26-29) yield s =v=r=8=
0, and equation (30) ¥ = 0. This is true regardless of any
hydrodynamic modeling inaccuracies or the value of the
feedforward term k, in the control law. It appears then that
the guidance law ensures steady-state accuracy without the
need for the feedforward term k. in the control law (11). Al-
though this is a valid statement as far as steady-state ac-
curacy is concerned, its effect on the stability of the com-
bined guidance and control scheme needs to be investigated.
To do this we set 2, =0 in (11) and we form the new lin-
earized system matrix as in (31). The characteristic equation
takes the form of (32) with

B=o

c = oy~ (b + b)uk,B,

D = —(by + bty — brag)u® kBo + (boayy — braz)u’ kB,
E = (byay — bras)u® ko

The two stability conditions are (33) and (34). Condition (33)
results in a (T, Tc) locus, similar as before. Condition (34)
is violated when &, crosses zero, which determines a critical
value of T¢ given as the solution to

C2T?} + CITC + C() =0 (38)

where

_ 2 2
Cy = (an + azanb; — a1ba)u® — (11005 — Q120910107

Cl = 2(0221)1 - alzbz)u, and
Co = bl.

Results are presented in Fig. 5, where three distinct regions
of stability are clear. Region | is the region of stability and
in Region Il one pair of complex conjugate roots of (32) has
positive real parts with oscillatory vehicle response as seen
earlier. In Region Ill where T is greater than the constant
critical value determined by (38), one real root of (32) is pos-
itive. In the latter case, the dynamic response of the system
is associated with more complicated bifurcation phenomena,
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Fig. 5 Cross track error guidance: critical value of T¢ versus Tz in absence
of feedforward control
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Fig. 6 Cross track error guidance: simulation results for 7¢ = 0.8 and two

different values of T¢ in absence of feedforward control

Fig. 7 Proportional guidance: critical value of T¢ versus d for different values
of Tg
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as demonstrated by the numerical simulations of Fig. 6 for
which T =0.8. When T = 0.6, the parameter range is
within Region | and the path deviation converges to zero as
expected. When T¢ = 0.8, the parameter range is within Re-
gion 111 and a pathological convergence to a limit cycle in
the (x, y) plane is observed associated with constant values
of the sway velocity v and turning rate r, and linearly in-
creasing (modulo 2m) heading angle §. These phenomena are
of limited practical significance since they can be easily
avoided by the introduction of k. and can be further ana-
lyzed, if desired, by using techniques similar to the vertical
plane steady-state bifurcations case considered in Papoulias
(1992). Nevertheless, the results demonstrate the impor-
tance on motion stability that the feedforward term k. car-
ries in the control law (11) despite the fact that feedforward
control normally affects only steady-state accuracy.

Proportional guidance

Stability analysis for the proportional guidance scheme
proceeds in a similar fashion. The linearized guidance and
control law is obtained from (22) and is analogous to (30)

= Rk + kvt kgr + gy (39)

where
174
kl = ko(Xz kc + Ek(,

ks
kz = kv + E koag

k3 = kr
k4 = Ea ko(lg

Substitution of (39) in (27) and (28) produces a linear system
in the form of (31). The characteristic equation of (31) is
written in the same form as (32) where the coefficients are
given by

B = ~(ay; + ag)u — byulks — bouky
¢ = (biag — bea1’ky + (boany — byaz)u’ks
+ (@109 — ayaae)U® — bou’ky — biuk,
D = (bottyy — b1G2)ulky + (Biags — baars — b)uk,
E = (boay; — biag)u’ky

The stability conditions are the same as (33) and (34). For
a given (T, Ts) combination, there exists a critical value of
d for stability. This is computed from (33) as the solution to

By(CyD, — B3Ey)d* + [Dy(B,Cy + ByCy) — 2B,BoE,1d
+ (B.C:D; - BIE,— D) =0 (40)
where
B, = a; ~ bikeaBiu
B, = bikgosfs
C1 = ay + (51aas — bop)u®kocaPy — brutkosBs — bott"koetaBs
Cy = —(b1a99 — baa1)ukoosBe
D, = (byay, — b1ap)ulkoaPr + (brang — bat1s — bo)u"ko0taBs
E, = (bya; — b1as)u’koosPs

Assuming that D,>0is satisfied, equation (40) determines

JOURNAL OF SHIP RESEARCH




[ 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Fig. 8 Proportional guidance: critical value of T versus T for different
values of d

the least required preview distance d for stability. Typical
results in the (d, T¢) parameter plane are shown in Fig. 7
for different values of the guidance time constant 7. Sta-
bility is guaranteed for values of T¢ below the critical curve.
It can be seen that for increasing values of T, proportional
guidance is stable regardless of the value of d provided that
T¢ is sufficiently small. For decreasing values of T, stabil-
ity is guaranteed only for values of d larger than some crit-
ical value so that the guidance dynamics are sufficiently
slowed down.

For a given (Tg, d) combination, there exists a critical value
of T¢ for stability. This is computed from (33) as the solution
to

(4E' + D'HTE + 22B'E' - C'D"T¢

+B(B'E'-CD)=0 (41

where
B’ = biko(Bod — Byu)
C' =1 + (b1agy — boaio)uko( it — Bad) — biukoBy — bot’koP,
D' = (byay; — brag)u’koPy + (Biags — baays — bk,

El = (bZall - blazl)u3k062

Assuming that D’ >0 is satisfied, equation (41) determines
the maximum allowable value of the controller time con-
stant T, for stability. Typical results in the (T4, T¢) param-
eter plane are shown in Fig. 8 for different values of the
preview distance d. Stability is guaranteed for values of T¢
below the critical curve. It can be seen that, in general, the
region of stability is enlarged for increasing values of T,
which corresponds to a softer guidance law. The same con-
clusion holds for increasing values of the preview distance
d. Figure 8 demonstrates the advantages that proportional
guidance offers over cross track error guidance. Since two
parameters affect stability, d and T, for each value of one
we can select the other so that stability is maintained. As
the value of d approaches zero, the (T, T¢) stability curve
resembles in shape the critical curve for cross track error
guidance. This means that, in a certain sense, cross track
error guidance can be thought of as a limiting case of pro-
portional guidance for very small values of the preview dis-
tance. Analytically, this can be shown as follows. Substitut-
ing (23) into (22) we can get the commanded turning rate r,
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for proportional guidance as a function of the inertial posi-
tion y, its rate of change y, and heading angle

r.= —k»L y — & (tanlz-ktl;)

As d — 0, we have that y/d < 1, since y < d assuming straight
line stability as t — ». By expanding in Taylor series and
keeping the first-order term only we get

kg% (y + ¢)
L dy a d
and substituting k,, &; from (25),
_ Biu — Bod B2 Bod

re= -ty -y -ty
u u u

r.=

If we substitute the linearized expression for the inertial po-
sition rate y = wp—assuming v = 0 as in the case of cross
track error guidance-we get

rc:Blllj—%y

which has the same form as (17) using the cross track error
guidance gains (20).

3. Bifurcation analysis

In this section we apply bifurcation theory to the study of
dynamic interactions between cross track error and propor-
tional guidance and the turning rate control law. The pur-
pose here is to assess the dynamic response of the vehicle
upon initial loss of stability of straight-line motion and to
explain the numerical simulation results observed in Figs.
3,4, and 6.

Bifurcations to periodic solutions

The most common loss of stability case is where condition
(33) is violated and (34) is satisfied. The corresponding pa-
rameter values give rise to Poincare-Andronov-Hopf (PAH)
bifurcation points: at precisely these points one pair of com-
plex conjugate eigenvalues of (31) possesses zero real parts.
The most significant result of this PAH bifurcation is the
generation of a family of periodic solutions with continu-
ously increasing amplitude as the parameter value moves
away from its critical value (Guckenheimer & Holmes 1983).
These periodic solutions exist for parameter values where
the nominal equilibrium is either stable or unstable, and they
can be orbitally stable or unstable.

In order to establish direction of PAH bifurcations, and
limit cycle stability, we have to isolate the main nonlinear
terms in the equations of motion (26-29). Due to port/star-
board symmetry, when these equations are expanded in Tay-
lor series, second-order terms vanish identically and the first
remaining nonzero terms are third order. The rudder control
effort 8 appears from (13) to be linear, but in reality it sat-
urates at £8,,.. Since this hard saturation function is non-
analytic we substitute it by a hyperbolic tangent function of
the form

kyu+ kor— koagrc> (42)

d =8, tanh (
8sat

where the saturation limit 8, is typically around 0.4 radi-

ans. It should be mentioned that any analytic function with

limits 3., and slope at the origin given by (13) can be used
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in lieu of (42), the actual choice does not significantly affect
the results that follow.

After performing the above third-order Taylor series ex-
pansion, we write the equations of motion (26-29) in the
form

(43)

where A is the linearized system matrix and g(x) contains
the leading nonlinear terms. If T is the matrix of eigenvec-
tors of A evaluated at the PAH bifurcation point, the trans-
formation x = Tz transforms system (43) into its normal co-
ordinate form

X = AX + g(Xx)

z=T"ATz + T ' g(T2)
Near the PAH bifurcation point:

[ o'e —(wg + ®'e)007]

(441

T AT — wy + w'e o'e g 0
0 0 p 0
0 0 0 g

where e is the difference between the physical parameter
value (such as T¢, T, or d) and its critical value, o, is the
absolute value of the imaginary part of the critical pair of
eigenvalues at the bifurcation point, a'(w') is the derivative
of the real (imaginary) part of the critical pair of eigenval-
ues evaluated at € =0, and p, ¢ are the remaining two neg-
ative eigenvalues of A. In the new system of coordinates z
=T 'x, the dynamics of (44) are governed by a reduced two-
dimensional system z,, z;, since the coordinates z3, z4 cor-
respond to the eigenvalues p,q and are asymptotically sta-
ble. Since z,,2, can be expressed in third order, at least,
expressions in terms of zy, 2, (Guckenheimer & Holmes 1983),
they do not affect our Taylor expansions in (44). Therefore,
we can write the system in the critical coordinates z,, 2z, in
the form

él = (1,621 - (wg + (l)/f)Zz + 7'112:1;

2 2 3
+ 122122 + T132122 + Ti42 (45)
2 = (0 + 0'e)zy + a'€zy + rozs
+ 2 2 . 3 4
r99212 + rastiZz T rea2s (46)

where the coefficients r; are computable from the above Taylor
expansions. If we introduce polar coordinates in the form

47

and perform averaging over the cyclic coordinate 6 from O
to 2w, equations (45) and (46) result in the following reduced
equation in the radial coordinate R,

R = o'eR + %R®

z1=Rcos0, z,=Rsin®

(48)

where

1
3{: §(3I‘11 +r13+r22+3r24) (49)

From equation (48) we can see that:
1. If «'>0, then
@ if ¥> 0, then unstable period solutions coexist with
the stable equilibrium for e <0, and
(b) if % < 0, then stable period solutions coexist with
the unstable equilibrium for e > 0.
2. If &' < 0, then
@ if ¥ > 0, then unstable period solutions coexist with
the stable equilibrium for € > 0, and
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Fig. 9 Cross track error guidance: cubic coefficient ¥ versus T for different
values of 8.4

(b) if ¥ < 0, then stable period solutions coexist with
the unstable equilibrium for e < 0.
We refer to the X > 0 cases as the subcritical, and the ¥ <
0 cases as the supercritical PAH bifurcations (Guckenhei-
mer & Holmes 1983). In the following section we present
results of this third-order analysis for both cross track error
and proportional guidance schemes.

Results

A plot of the cubic coefficient ¥ versus T for the cross
track error guidance case and for different values of the rud-
der saturation limit &, is presented in Fig. 9. It can be seen
that for T; < 0.334, ¥ is positive and it becomes negative
for larger T¢ values. Therefore, for T¢ = 0.5 which refers to
the time simulations of Fig. 3, the corresponding PAH bi-
furcations are supercritical and a small-amplitude stable pe-
riodic solution surrounds the unstable nominal equilibrium
as T'¢ becomes higher than its critical value (35). For Tg=
0.25, which refers to the time simulations of Fig. 4, the cor-
responding PAH bifurcations are subcritical since ¥ is pos-
itive. An unstable periodic solution coexists here with the
stable nominal point for 7¢ less than its critical value. Con-
vergence to the stable equilibrium point is ensured now only
if the initial conditions fall within the unstable limit cycle,
as Fig. 4 demonstrated. As is the case with many PAH bi-
furcations, the above unstable limit cycles change their sta-
bility and direction as the parameter T; moves further away
from the bifurcation point. Schematically, the above two cases
are shown in Fig. 10. Solid lines correspond to stable and
dotted lines to unstable nominal equilibrium, while solid
curves correspond to stable and dotted curves to unstable
periodic solutions. Both are viewed in increasing values of
T¢ and periodic solutions originate as T reaches its critical
value for a given T¢. The progressive buildup of the ampli-
tude of the periodic solutions for the supercritical case ver-

SUPERCRITICAL SUBCRITICAL

Y y

—_ T

Fig. 10 Supercritical and subcritical PAH bifurcations
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Fig. 11 Cross track error guidance: simulation results for Tc = 0.9, Tg =
0.5, and different values of 84y
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sus the sudden amplitude enlargement for the subcritical case
which was observed in Figs. 3 and 4 can be clearly seen,

The effect of the rudder saturation level which does not
affect the linear stability analysis is also evident from Fig.
9. Although transitions between supercritical and subcriti-
cal bifurcations appear to be relatively insensitive to the value
of 3sar, the value of X becomes less negative as 8, is in-
creased. This means that rudder angle saturation has a sta-
bilizing effect in this problem: upon initial loss of stability
of straight-line motion, the stable limit cycle amplitudes are
decreased for decreasing saturation values & This result
is in sharp contrast to orientation guidance laws where rud-
der angle saturation was found to induce a significant de-
stabilizing effect (Papoulias 1991). This rudder saturation
stabilizing effect is numerically demonstrated in Fig. 11,
where limit cycles in the (y, y) phase subspace are shown for
Tc=0.9 and T; = 0.5, and for different rudder saturation
levels 8 in radians.

Similar results in terms of the cubic coefficient ¥ for the
proportional guidance case are presented in Figs. 12 and 13.
Figure 12 shows ¥ versus T for different values of T for
the PAH bifurcations of Fig. 7. For supercritical bifurcations

i
wf ||
| 0.5
| AN
X 1 \
0.5[% A \ . \3
N % : \\. - S
0 \ T -
X -os}
\
ik !
i
15k oz \\
}
-2t
1
-2.5 ¢ |
0.6 0.8 1 1.2 11 1.8 1.8 2 2.2 2.4
Fig. 12 Proportional guidance: cubic coefficient ¥ versus T for different
values of Tg
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Fig. 13 Proportional guidance: cubic coefficient I versus T for different

values of d

to occur (3 < 0) it can be seen that the controller time con-
stant T must be selected to be higher than a certain critical
value. Figure 13 presents ¥ versus T for different values
of d for the PAH bifurcation curves of Fig. 8. Supercritical
bifurcations are ensured provided T is larger than a certain
critical value which requires increasingly higher values of
T¢ as Fig. 12 suggested as well.

Side slip effects

The cross track error guidance law (17) was based on
equations (15) and {(16), which neglected the influence of side
slip velocity v that exists as a result of the commanded turn-
ing rate 7.. In order to analyze the potential benefits from
incorporating side slip information on overall motion sta-
bility, we base the guidance law (17) on equation (15) and

y:usin\b+v0rccos\b (50)

instead of (16), where

biase B 2012
Vg =———————
bear; — brag;

and vor. is the steady-state sway velocity that develops with
the turning rate r.. The closed-loop characteristic equation
of (15),(50), and (17) is

A — (R, + vk )N —ku = 0 (51)

and by equating the coefficients of (19) and (51) we get the
guidance gains

_ Vo2 B
ko= =B+ —— k= -=

(52)
Typical results are shown in Fig. 14 in terms of the critical
Tc versus Tg curve. It can be seen that introduction of ap-
propriate side slip information results in an increase of the
region of motion stability. This effect is more pronounced for
small T¢ values where the control law is more responsive
and the amount of side slip is, therefore, larger. The increase
in the region of stability is accompanied by an even more
beneficial limit cycle stability as indicated by Fig. 15. It can
be seen that the cubic coefficient X is more negative when
the side slip correction is active, which results in stronger
supercritical PAH bifurcations with smaller limit cycle am-
plitudes after the initial loss of stability of straight-line mo-
tion.
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Fig. 14 Cross track error guidance: critical value of T¢ versus Tg with and
without side slip correction

Concluding remarks

Analysis of the dynamic response of a marine vehicle un-
der coupled operation of turning rate guidance and control
has been presented. Linear full-state feedback control has
been employed for demonstration purposes with a feedfor-
ward term to ensure steady-state accuracy. Two turning rate
guidance schemes were introduced and analyzed: cross track
error and proportional guidance. Linear stability analysis was
performed in order to evaluate regions of stability and in-
stability of straight-line motion, and third-order nonlinear
expansions were utilized in the analysis of Poincaré-
Andronov-Hopf bifurcations. The primary conclusions of this
study can be summarized as follows:

1. Loss of stability is possible if the control law is not suf-
ficiently responsive compared to the dynamics of the guid-
ance law. This is true for both cross track error and propor-
tional guidance.

2. For better path-keeping characteristics it is required

with side slip correction 4

without side slip correction 4

0.2 0.4 0.6 O:B ; 1:2 1:4 1:8 1.8
Ta

Fig. 15 Cross track error guidance: cubic coefficient ¥ versus Tg with and
without side slip correction
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that the guidance law must be as responsive as possible. It
was shown that, asymptotically, any increase in the guid-
ance law responsiveness must be accompanied by double the
increase in the autopilot responsiveness in order to maintain
stability.

3. The feedforward term in the control law has significant
effects on stability in spite of the fact that feedforward con-
trol usually affects only steady-state accuracy. It was shown
that in the absence of the feedforward term additional in-
stabilities are possible, and the domain of stability of straight-
line motion is greatly reduced.

4. Proportional guidance was found to offer additional ad-
vantages on stability compared with cross track error guid-
ance. It was shown that cross track error guidance can be
obtained as the limiting case of proportional guidance as the
preview distance approaches zero.

5. The main cases of loss of stability were identified as
typical PAH bifurcations with the generation of periodic so-
lutions. Third-order Taylor series expansion revealed the
stability of the limit cycles. It was shown that stable limit
cycles would exist for sufficiently slow control laws, while
unstable limit cycles were created as a result of a very re-
sponsive control.

6. A nonlinear stabilizing effect of rudder saturation was
established. This result, which does not affect the linear sta-
bility of the system, is unique to turning rate guidance; pre-
vious studies have revealed that rudder saturation results
in a nonlinear destabilizing effect in the case of orientation
guidance and control.

7. Finally, it was shown that appropriate side slip infor-
mation in the design of the guidance law results in an ap-
preciable enlargement of the region of stability of straight-
line motion.
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