Chapter 4

Control Properties and Previous Work on
Control of Ocean Vessels

In this chapter, first control properties of ocean vessels are presented. Then, the ex-
isting literature on the control of underactuated ocean vessels is reviewed. Through
the review of the previous work in the areas of stabilization, trajectory-tracking,
path-following, and output feedback control of underactuated ocean vessels, chal-
lenging questions are raised. Illustration of the background and process of solutions
of those questions, as well as an explanation of the solutions in terms of their phys-
ical insights and practical applications are then presented in subsequent chapters.

4.1 Controllability Properties

4.1.1 Acceleration Constraints

The number (m.) of independent control inputs (the number of nonzero elements
of the propulsion force and moment vector 7) is smaller than the number (n.) of
degrees of freedom to be controlled for a standard model of the ocean vessels. As
such, we remove all zero elements of T and denote the resulting vector by 7,. Thus,
if T, € R™¢ and 5 € R"¢, then m, < n.. For example, for the case of the vessels
with six degrees of freedom to be controlled we have m, < 6, for the case of the
vessels with five degrees of freedom to be controlled m. < 5, and m, < 3 for the
case of the vessels with three degrees of freedom to be controlled. For clarity, we
ignore the environmental disturbance forces and moments to investigate acceleration
constraints on the aforementioned ocean vessels. Let M,,, Cy, (v), D, (v), and g,(n)
denote the rows of M, C (v), D (v), and g (n) that correspond to those rows without
propulsion forces or moments, i.e.,

Myv+ Cy(v)v+ Dy (v)v+ gu(n) = 0. 4.1
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The above equation describes the acceleration constraints, i.e., second-order con-
straints. The following results give the conditions whether the constraints given in
(4.1) are partially integrable or totally integrable.

Lemma 4.1. The constraints (4.1) are partially integrable if and only if the follow-
ing conditions hold:

1. g,4(n) is a constant vector.

2. (Cy(v) + Dy(v)) is a constant matrix.

3. The distribution 2+(3) = ker ((Cy(v) + Dy (v))J ~1(y)) is completely inte-
grable.

Proof. See [29]. O

Lemma 4.2. The constraints (4.1) are totally integrable if and only if the following
conditions hold:

1. The constraints are partially integrable.
2. (Cu(v) + Dy (v))=0.
3. The distribution A(y) = ker (M, J~1()) is completely integrable.

Proof. See [29]. O

The following lemma gives a result on the stabilizability of an underactuated
ocean vessel.

Lemma 4.3. Consider the system (3.31) with tg = 0"<*'. Assume that the elements
of the restoring force and moment vector g(n) corresponding to the unactuated
dynamics are zero, i.e., the vector g (n) can be written in the form of

g(p) = [ 8a (1) } , 4.2)

0(rc—me)x1

where gq(n) € R™¢ is the restoring force and moment vector corresponding to
the actuated dynamics. Let (9,v) = (9¢,0"<"™¢) be an equilibrium. There is no
C! state feedback law a(y,v) : R% x R* — R™c that makes the equilibrium
(n®,0"<7¢) asymptotically stable.

Proof. See [29]. O

4.1.2 Kinematic Constraints

In this section, we address controllability properties of ocean vessels. Since the ves-
sel under consideration has a number of degrees of freedom to be controlled greater
than control inputs (e.g., underwater vehicles do not have independent actuators in
the heave and sway axes, see Section 3.4.2 and surface ships do not have an indepen-
dent actuator in the sway axis, see Section 3.4.1), we can address the controllability
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issue of the vessel kinematic by considering the kinematics with the linear velocity

vector
u

vi=1|0]. 4.3)
0

We analyze controllability properties of six degrees of freedom vessels. The case of
three degrees of freedom vessels can be obtained directly from the results for the six
degrees of freedom vessels. With (4.3), we now write the kinematics of the vessel
as follows:

n=yi(mu+y2(m)p+y3(mq+ya(n)r

¢ “4.4)
=T (u,
where
cos(8) cos(y) 0
cos(6) sin(yr) 0
=] 0O =Y.
0 0
0 0
0 ] 0 ]
0 0
m= M=y 4.5)
y3tm) = sin(¢) tan(6) |’ yatn) = cos(¢p)tan(f) |’ )
cos(¢) —sin(¢)
sin(¢) sec(0) | cos(¢)sec(0) |
and
T (n) = [y1(n) y2(n) y3(n) ya(n) ]
u=[upqgrl". (4.6)

From (4.4) and (4.5), a calculation shows that the following nonhonolomic (non-
integrable) constraints are satisfied:

(cos(w) sin(@) sin(¢p) —sin(y) cos(qb)))'c +
(sin(y) sin(6) sin(¢) + cos(¥) cos(4)) y + cos(0) sin(¢)z = 0,
(sin(y) sin(6) cos(¢) —sin(¥) sin(¢))x + 4.7)
(sin(y) sin(6) cos(¢p) — cos(¥) sin(d))))} + cos(0) cos(¢)z = 0.
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Based on (4.4), we will address the following controllability issues: Controlla-
bility about a point (i.e., stabilization) and controllability about a trajectory (i.e.,
trajectory-tracking).

4.1.3 Controllability at a Point

We will first consider a linear approximation of the system (4.4) at an equilibrium
point 5, . Let the error associated with the equilibrium point 5, be as follows:

n=1n—"1e. (4.8)

With (4.8), we can write the tangent linearization of (4.4) at the equilibrium point
Ne as .
=7 ne)u, 4.9)

which is not controllable because the rank of the matrix Y (5, ) is 4. This implies
that a linear controller will never achieve posture stabilization, not even in a local
sense. In order to study the controllability of the vessel in question, we need to use
some tools (the Lie algebra rank condition and nilpotent concepts) from nonlinear
control theory [4].

Given a set of generators or basis vector fields y1, y2, ..., Ym,, the length of a
Lie product recursively defined as

Uyiy=1, i=12,...m
(([A, B]) = {[A] +¢[B], (4.10)

where A and B are themselves Lie products. Alternatively, £[A] is the number of
generators in the expansion for 4. A Lie algebra or basis is nilpotent if there exists
an integer k such that all Lie products of length greater than k are zero. The integer
k is called the order of nilpotency. The use of the nilpotent basis eliminates the need
for cumbersome computations as we see that all higher order Lie brackets above
some particular order are zero.

The above concepts and conditions imply that Lie algebra L{y1, ¥2, ¥3,y4} is
nilpotent algebra of order k = 2, i.e., the vector fields yj, y2, ¥3, and y4 are the
nilpotent basis. Thus all Lie brackets of order greater than two are zero. The only
independent Lie brackets computed from the four basis vector fields are [y1, y3] and
[¥1, y4]. Therefore, for our system the Lie algebra rank condition becomes

rank[C,] = 6 < rank[y1,¥2.¥3.¥4.[Y1,¥3].[y1.74]] = 6, 4.11)

where [p1,y3] and [y2, y4] are the two independent Lie brackets computed from
the four vector fields (y1,y2,¥3,¥4) and C, is called the controllability matrix. For
two vector fields g(x) and &(x), a Lie bracket is computed based on the following
formula:
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oh 9
[g.h](x) = a—g——gh- (4.12)
X ox

Using the definition (4.12), Lie brackets [y1, y3] and [y1, y4] are given by

cos(y) sin(8) cos(¢p) + sin(y) sin(¢p)
sin(y) sin(6) cos(¢) — cos(y¥) sin(¢p)

0 0 9
prys)= By - Py = cos(6) cos(¢) |
o an 0
0
0

—cos(y) sin(0) sin(¢) + sin(¥) cos(¢p)
—sin(¥) sin(6) sin(¢) — cos(¥) cos(¢)

] ) (O)sE6)
[71, )’4] = ﬁyl — ﬁy“ — COS( )Sln(¢)
o o 0

0
0
(4.13)
Therefore, the controllability matrix C, is given by
cos(¥)cos(6) 0 0 0
sin(y) cos(0) 0 0 0
C. — —sin(8) O 0 0
¢ 0 1 sin(¢) tan(6) cos(¢)tan(6)
0 0 cos(p) —sin(¢)
0 0 sin(¢) sec(8) cos(¢)sec(H)
cos(y) sin(6) cos(¢p) + sin(y) sin(¢)
sin(y) sin(0) cos(¢p) —cos() sin(¢)
cos(6)cos(¢)
0 (4.14)
0
0

—cos() sin(6) sin(¢p) + sin(y) cos(¢)
—sin(y) sin(0) sin(¢p) — cos(y¥) cos(¢)
—cos(0) sin(¢)

0

0
0

It can be seen that the above matrix C, has one nonzero minor of order 6. Therefore,
this matrix is full rank provided that € # 7. This implies that the vessel is locally
controllable and also globally controllable as long as the singular condition 6 # 7
is avoided. As for the stabilizability of system (4.4) to a point, the failure of the
previous linear analysis indicates that exponential stability cannot be achieved by
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smooth feedback [21]. Things turn out to be even worse: If smooth (in fact, even
continuous) time-invariant feedback laws are used, Lyapunov stability cannot be
used directly. This negative result is established on the basis of a necessary con-
dition due to Brockett [21], see Section 2.7.4: Smooth stabilizability of a driftless
regular system (i.e., such that the input vector fields are well defined and linearly
independent at 5. ) requires that the number of inputs be equal to the number of
states. The above difficulty has a deep impact on the control design. In fact, to ob-
tain a posture stabilizing controller it is either necessary to give up the continuity
requirement and/or to resort to time-varying control laws.

4.1.4 Controllability About a Trajectory

For the system (4.4), let the reference trajectory 54 and the reference trajectory
input ug be

xq(t)
ya(t) uq (1)
_ | za(®) _ | pa(®)
= ga) | | qa) | *-15)
0q(t) rq (1)
Yal(t)

Indeed, the reference trajectory 54 and the reference trajectory input u4 should
satisfy the nonhonolomic constraints (4.7), i.e.,

(cos(Yq) sin(6,) sin(gg) —sin(Ya) cos(dq))xa +
(sin(¥q) sin(64) sin(¢a) + cos(Ya) cos(da)) ya + cos(8q) sin(¢pa)za = 0.
(sin(yq) sin(8) cos(¢pg) — sin(Ya) sin(pa))xa +
(sin(¥q)sin(Bg) cos(¢pg) — cos(¥g) sin(@q)) ya + cos(6z) cos(pa)zq = 0.
(4.16)

Let the errors associated with the reference trajectory and the reference input trajec-
tory be

ﬂe =77_77d,
U =U—Uq. “4.17)

Using (4.17), we can write (4.4) as
=" a+ne)(ua+u.). (4.18)

The Taylor series expansion of Y (4 + 13 ) about the nominal solution g4 is given
by
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Y
i= (r e+ XD +H0T) (na ) +ue®).  @19)
N ly=ng

Since the reference trajectory 5 and the reference input trajectory ug satisfy the
nonholonomic constraints (4.16), we have

na =Y (na.t)ua(t). (4.20)
Subtracting (4.19) by (4.20) and ignoring the high-order terms (HOT) gives

Y
e = (% e (r))ud(t) T (gD (1)
N lg=ng

= A)ne (1) + B(t)ue (1), (4.21)

where

wo=[Enhn] o=l 0000 e

with A1 and A, given by

0 —cos(Yyg)sin(0)ug —sin(yg)cos(6y)ug
A1) = | 0 —sin(yg)sin(0g)ug cos(¥g)cos(Og)ug |,
0 —cos(07)ug 0

—sin(¢g)qqa —cos(¢dg)ra

cos(¢g) tan(¢g)qq —sin(pq ) tan(pg)rq
Ax(t) =
cos(¢a) sec(8a)qa —sin(¢g) sec(84)rq

(4.23)
sin(@a) sec?(0)qa +cos(¢a) sec? (0a)ra 0
0 01,
sin(¢g) sec(8y) tan(6y)q + cos(¢pg) sec(64)tan(6,4)ry O
and J41(¢) and J42(¢) given by
[ cos(84)cos(Va)
Ja1(t) = | cos(0z)sin(Va) |,
| —sin(6g)
1 sin(¢g)tan(6;)  cos(¢g)tan(6y)
Jaz2(1)=| 0 cos(¢a) —sin(¢q) (4.24)
| 0 sin(¢g)sec(fg)  cos(pg)sec(6q)

In (4.23) and (4.24), the argument ¢ of ¢4, 04, Y4, ua, pa, and rg is omitted for
simplicity.
The system (4.21) is linear time-varying. The controllability condition becomes
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rank{B,AB,A2B,A3B,A*B A°B} =¢. (4.25)

A calculation shows that the above matrix has a nonzero minor of order 6 provided
that (ug # 0, pg # 0, ga # 0, rq # 0) and (65 # 5). Therefore, we conclude
that the kinematic system (4.21) can be locally stabilized by linear feedback about
trajectories consisting of linear or circular or helix paths, which do not collapse to a
point.

4.2 Previous Work on Control of Underactuated Ocean Vessels

This section starts with a brief review on the control of nonholonomic systems, due
to their relevance to the control of underactuated ocean vessels. Next, the existing
methods on control of underactuated ocean vessels are reviewed. Limitations of the
existing methods are then pointed out and hence motivate the contributions of the
book.

4.2.1 Control of Nonholonomic Systems

The term “nonholonomic system” originates from classical mechanics and has its
widely accepted meaning as a “Lagrange system with linear constraints being nonin-
tegrable”. A mechanical system is said to be nonholonomic if its generalized veloc-
ity satisfies an equality condition that cannot be written as an equivalent condition
on the generalized position, see [30]. Control of nonholonomic dynamic systems
has formed an active area in the control community — see surveys by Kolmanovsky
and McClamroch in [31], Canudas de Wit et al. in [15], Murray and Sastry in [32],
and references therein for an overview and interesting introductory examples in this
expanding area.

Nonholonomic systems have inherent difficulties in feedback stabilization at the
origin or at a given equilibrium point since the tangent linearization of these systems
is uncontrollable. In fact, a direct application of Brockett’s necessary condition, see
Section 2.7.4 for more details, for feedback stabilization implies that nonholonomic
systems cannot be stabilized by any stationary continuous state feedback although
they are open loop controllable. As a consequence, the classical smooth control the-
ory cannot be applied. This motivates researchers to seek novel approaches. These
approaches can be roughly classified into discontinuous feedback, see for exam-
ple [33-45] and time-varying feedback, see for example, [15,32,46-48]. The dis-
continuous feedback approach often uses the state scaling originated from the o-
process [49] and a switching control strategy to overcome the difficulty due to the
loss of controllability. This approach results in a fast transient response and usu-
ally an exponential convergence can be achieved. The drawback is discontinuity in
the control input. On the other hand, the time-varying feedback approach provides
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a smooth/continuous controller, i.e., no switching is required, however the price is
slow convergence. The stability analysis is often based on linear time-varying sys-
tem theory and Barbalat’s lemma. The backstepping technique [3] is usually used
for high-order chained form systems in both discontinuous and time-varying ap-
proaches. Those aforementioned systems are either driftless or have weak nonlinear
drifts. When nonholonomic systems are perturbed by drifts with uncertainties, ro-
bust and adaptive control approaches are often applied. The robust control design
schemes are based on the size domination concept [50]. The control is conservative
when a priori knowledge of uncertainties is poor. A class of nonholonomic systems
with strong nonlinear uncertainties was recently considered in [51]. Discontinuous
state feedback and output feedback controllers were designed to achieve global ex-
ponential stability. However the xo-subsystem is required to be Lipschitz since a
constant control input u¢ is used to get around the difficulty due to the loss of con-
trollability. The adaptive approach [38, 40, 46] provides less conservative control
input but increases the dynamics of the closed loop system. The systems studied
in these papers do not allow drifts in the xo-subsystem. A difficulty in designing
adaptive stabilization controllers for chained systems with drifts is that the state
of the xo-subsystem can have several zero crossings due to transient behavior of
the unknown parameter estimate. This phenomenon causes difficulties in applying
the state scaling. For a solution of the stabilization of nonholonomic systems in a
chained form with strong nonlinear drifts and unknown parameters, the reader is
referred to [52].

4.2.2 Control of Underactuated Ships and Underwater Vehicles

Control of underactuated ships and autonomous underwater vehicles (AUVs) is an
active field due to its important applications such as passenger and goods transporta-
tion, environmental surveying, undersea cable inspection, and offshore oil installa-
tions.

Based on its practical requirement, motion control of underactuated ocean ves-
sels has been divided into three areas: Stabilization, trajectory-tracking, and path-
following. These control problems are challenging due to the fact that the motion
of underactuated surface ships and AUVs possesses more degrees of freedom to
be controlled than the number of the independent controls under some noninte-
grable second-order nonholonomic constraints [29, 53, 54]. In particular, underac-
tuated ships do not usually have an actuator in the sway axis while in the case of
AUVs there are no actuators in the sway and heave directions. This configuration
is by far the most common among marine vessels. Therefore, Brockett’s condition
indicates that any continuous time-invariant feedback control law does not make a
null solution of the underactuated surface ship and AUV dynamics asymptotically
stable in the sense of Lyapunov. Furthermore as observed in [22, 54], the under-
actuated ship and AUV system is not transformable into a standard chain system.
Consequently, existing control schemes [15,32-48] developed for chained systems



70 4 Control Properties and Previous Work on Control of Ocean Vessels

cannot be applied directly. Nevertheless, in the past decade, stabilization, trajectory-
tracking control, and path-following of underactuated ocean vessels have been stud-
ied separately from different viewpoints.

4.2.2.1 Stabilization

An underactuated ocean vessel belongs to a class of underactuated mechanical sys-
tems subject to some nonintegrable second-order nonholonomic constraints, see
[29,53,54]. Therefore, design of a feedback stabilizer using linear and classical non-
linear control theories is not possible. There are two main approaches to deal with
stabilization of an underactuated ocean vessel. They are (time-invariant and time-
varying) discontinuous feedback and time-varying continuous/smooth feedback. We
here mention some typical results of both approaches.

Time-invariant and Time-varying Discontinuous Approach

A discontinuous state feedback control law was proposed in [55] using the o-process
to exponentially stabilize an underactuated ship at the origin where the ship model
is discontinuously transformed to an extended chained form system. The dynamics
of an underactuated ship is considered in [55], see also Section 3.4.1:

n=Jmv,
Mid=-Cwwv—Dv+r,
n =[x, y, 1//]T, v=[u,v, r]T, T =1y, 0, ‘L’r]T, (4.26)

where (x,y) denotes the earth-fixed position of the center of mass of the ship,
denotes the orientation angle, (u,v) and r are the linear and angular velocities in the
body-fixed frame, and (t,, 7,) are the surge force and yaw moment. The matrices
J(n), M, C(v), and D are given by

[ cos(y) —sin(y) 0 mip 0 0
J(n)=| sin(y) cos(y¥) O |, M = 0 my 0 |,
B 0 0 1 0 0 mss3
0 0 —Mma2V d11 0 0
C(v) = 0 0 muu |, D=| 0 dyp 0 |, 4.27)
_mzzv —miu 0 0 0 d33

where m11, my;, and m33 denote the ship inertia including added mass, and d;,
d»2, and d33 are hydrodynamic damping constants, see Chapter 3 for more details.
The control objective is to design the control inputs t,, and t, to stabilize (4.26)
asymptotically at the origin. In [55], the coordinate transformation
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X1 4

X3 xcos(y) + ysin(yr)

X3 | _ | —x sin(y) 4+ y cos(y) 4.28)
X4 v

X5 r

X6 u

is used to transform the ship model (4.26) to the following system

X1 = Xs,
X2 = X6 + X3X5,

X3 = X4 —X2Xs5,

X4 = —axq4 — BXx5X6, (4.29)
X5 = £21,
Xe = §25,

where @ = d22/m22, ﬂ = mll/mzz, and

T, —dasr + (my11 —maz)uv Ty +Mmosvr —dyu
r—d33r 4+ (M1 —ma2) o= 22 n 430
ms33 nmii

2 =

It can be seen that the system (4.29) consists of two subsystems, namely (x1, X2, X3,X4)
and (x5, xg), connected to each other in a strict feedback form [3]. The control de-
sign can be simply carried out in two steps as follows.

Step 1

In this step, the author of [55] considers the first four equations of (4.29), and
(x5,x6) as controls (vy,v;). With the assumption of x; # 0, the coordinate trans-
formation (o -process)

X3 X4
Y=X1,Z1=Xp, Zp = —, 23 = — 4.31)
X1 X1
results in

)'7 =1,

Z1 =V + yzovy,

. zZ1+ 22

2y =1z53— U1, 4.32)

. z3+ B,

Z3 = —0zz3— —Vg.

The feedback control law is designed as
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v = —k1y,
vy = —k2121 — k2222 — k2323, (4.33)

where k1, k21, k22, and k,3 are the control gains chosen such that the matrix

—k21 —ka —ka3
A = k1 k1 1 (4.34)
_kl,BkZI —k1,3k22 kl_‘x_klﬂk23
is Hurwitz.
Step 2

At this step, the last two equations of (4.29) are considered. Using the standard
backstepping technique results in the following control law

2, = —k3(X5—U1)—k1X5,

25 = —k4(x6 —v2) —ka1(x6 + x3x5) (4.35)
X4 —X2X5 ax4 + Bxsxe X3X5 X4X5
o) + k23 +ko—5 +kaz—5—,
X1 X1 xl xl

where k3 > ki and k4 are positive constants. The actual controls 7, and 7, can
be found from (4.35) and (4.30). In [55] it is shown that if the initial conditions
x1(f0) # 0 and x1(70) (x5(70) +k1x1(t0)) > O then (x1(2), x2(7), x3(2), x4(1), x5(2),
x6(t)) is bounded for all £ > 1y > 0, and exponentially converges to zero. If the above
conditions do not hold, the controls

21 = —|x1 —€|%sign(x; —€) — |x5|bsign(x5),
2, =0, (4.36)

with e #£0, b € (0,1), and a > b/(2 — b) being constants, can be used to make the
above conditions hold in finite time. For more details, the reader is referred to [55].

Remark 4.1. The aforementioned discontinuous stabilizer provides a fast conver-
gence of the stabilizing errors to zero. However, the control inputs 7, and t, are
discontinuous. Moreover, under arbitrarily small nonvanishing environmental dis-
turbances induced by waves, wind, and ocean currents, the closed loop system con-
sisting of (4.35) and (4.29) can be unstable in the sense that the states (x1(¢), x2(¢),
x3(t), x4(t), x5(t), x6(t)) can go to infinity exponentially fast.

The work mentioned in [22,53,54,56-58] can also be grouped in the discontinuous
approach. The authors of [22] developed a discontinuous time-varying feedback sta-
bilizer for a nonholonomic system and applied it to underactuated ships. Some local
exponential stabilization results were reported in [53, 54] based on the time-varying
homogeneous control approach. An application of averaging and backstepping tech-
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niques was proposed in [59] to design a global practical controller for stabilization
and tracking control of surface ships. Experimental results on dynamic positioning
of underactuated ships were reported in [56]. By transforming the underactuated
ship kinematics and dynamics into the so-called skew form, some dynamic feed-
back results on stabilization were given in [57]. In [58], the authors proposed a
discontinuous solution to the problem of steering an underactuated AUV to a point
with desired orientation using the polar coordinate transformation motivated from
the work in [60].

Time-varying Continuous/Smooth Approach

A typical result on stabilization of the underactuated ship (4.26) in the time-varying
continuous/smooth approach is given in [61]. In [61], the coordinate transformations
(similar to the ones given in (4.30) and (4.28))

z1 = cos(Y¥)x + sin(y) y,
zp = —sin(Y)x +cos(V)y,

3 =1,
—d —
Q= T —d33r +(mn mzz)uv, 4.37)
ms3
2, = Ty +mopvr —di1u
mii
are first used to transform the ship system (4.26) to
Z1=u+zpr,
Iy =v—21F,
3=,
0= §2,, (4.38)
V= —cur—dv,
F= £,

where ¢ = m11/mjy; and d = dpy/m3,. Then the following nontrivial coordinate
transformations

v
Zy=2z3+ 7
d d
U=-——21——M,
C C
d d v c
92[/6 = ;Zl + ;M—er + Er— 392 (439)

are applied to (4.38) to obtain the system
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l=——z1——U+ er—Er,

. c c d

Zy = pr,

Iz =r, (4.40)
v=—dv+d(z1+p)r,

/.1/ = 92/L7

F= 2.

Let k3, k3, k,,, and k, be strictly positive constants such that 1 > k, > k3. The
controls §2; and §2,,, are designed in [61] as

21 ==k (r—rg)+7y —)L(Zzuf +27Z5+27Z5k, cos(t)uf),
22 =—ku(,u,—ﬂf)+ﬂf—/\(Zz+2Z3kchS(l))r, 4.41)

where

P 12 B k3sin(2¢) 2V; + V127
3 6 (1+V))2

Z3=z3+kycos(t)Z,,

Vi =22+272,

in(t)Z3

nr = _&22, (4.42)

2(0.001 4 Z3)
. —k3Z3 +k2Sin(l)Zz

= 1+ kacos(t) s

In [61], it is proven that the closed loop system consisting of (4.41), (4.39), (4.37),
and (4.26) is GAS at the origin.

Remark 4.2. The design of the feedback given in (4.41) is nontrivial. Overall, con-
vergence of the stabilizing errors to zero is slow. This is a well-known phenomenon
of the continuous/smooth time-varying approach applying not to only underactuated
ships but also to mobile robots. Moreover, since the stabilizer design mentioned
above is nontrivial, it is difficult to extend the control design scheme to solve a
trajectory-tracking problem, see the next section. In addition, the physical meaning
of the feedback is not clear.

In addition to the aforementioned results on stabilization of underactuated ves-
sels, the following results are also related to the topic under discussion. In [62], sev-
eral control configurations were considered, and a technique for synthesizing open
loop controls was given. The first control scheme with the dynamic AUV model
taken into account was proposed in [63]. A kinematic drift free model of the under-
water vehicles with four control inputs was used to design a regulation controller
in [64]. The authors of [65] proposed a controller that is able to stabilize an AUV
to some equilibria based on the interconnection and damping assignment passivity-
based control approach, which has been successfully applied to many other mechan-
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ical systems [66]. See also [67] for stabilization results of underactuated mechanical
systems on Riemannian manifolds.

4.2.2.2 Trajectory-tracking

Trajectory-tracking is here defined as a control problem of forcing an underactuated
surface ship or AUV to track a reference trajectory generated by a suitable vessel
model, i.e., the vessel model that has the same parameters as the real one. There
are two main approaches to solve the trajectory-tracking control problems. The first
approach is based on linear time-varying control system theory while the second
approach relies on the Lyapunov direct method. We here briefly describe typical
results of the two approaches.

Linear Time-varying Approach

A typical work belonging to this approach is given in [68] on a global K-exponential
tracking result for the underactuated ship (4.26). In [68], the authors consider a prob-
lem of designing the control 7, and 7, to force the position (x,y) and orientation
Y of the ship (4.26) to track the reference position (x4, y,) and orientation Vg4
generated by the reference ship model

Na =J(na)va,

Mig =—C(vg)vg—Dvg + 14,
Xd Ug Tud

Na=|Yd |,va=|vg [.Ta=| 0 |. (4.43)
Va rd Trd

In [68], the coordinate transformations

21 = cos(¥)x +sin(y)y, Z1g = c0s8(Vg)xq +sin(Yq)ya,
25 = —sin(Y)x +cos(¥)y, Zpq = —sin(Yg)xg +cos(Yq)ya, (4.44)
z3 =1, Z3d = Y4,

and the tracking errors

Ue =U—Ug, Ve =V —Vq, Te =T —1q,

Zle = Z1—Z1d, Z2¢ = 22 —Z2d, Z3¢ = Z3—Z3d (4.45)
are used to obtain the tracking error dynamics of a chained form

. Moo di 1
Ue = _(vere +Vel'q +vdre)__ue + —(tu — Tua):
mii mii mii
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) miy da
Ve = ———(UeTe +Uerg +Ugre) — —— Ve,
mao mya
. mip—ma ds3 1
Te = —(ueve+uevd+udve)__re+_(fr_frd)’ (4.46)
ms3 ms3 ms3

Z1e =Ue +Zoete + ZoeTqg + Z2g7e,
Z2¢ = Ve —Zl1ele —Z1eld —Z1d'e;

Z3e = Tle.

Assuming that ug, vy, z14, and z,4 are bounded, and that rg(¢) is persistently
exciting, the controls

Ty = Tyg —KiUe +Kkorqve —k3z1e +kargzae,

T =Trg —(M11 _m22)(ue Ve +VglUe +UqVe) — (4.47)
ksre —kezze,
where the control gains k;, i = 1,...,6 satisfy
k1> dy—di1,
ky = mazka(ks + k1 +di1 —d2z)
dazrks +mirks '
dr
0<ks <(k1+d11—d22)—, (4.48)
mii
k4 >0,
ks > —d33,
k6 > 0,

make the closed loop system consisting of (4.47), (4.43), and (4.26), that is,

= r ki+dn ko +map k3 k4 0]
e - ra(t) ———  —rq(t) Ue
mii mii mii mii
m
Ve L) =22 0 0 Ve
= ma2 ma2 +
Z1e 1 0 0 ra(?) Z1e
Z2e | 0 1 —rg(1) 0 2

- m _
—2Z (v, +v4) 0
mii

m
— e +uq) 0 [ e }

maa
Zze+2Z2qg O

—(zZ1e+214) 0 |
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) dyzs+ks ke
Fe —— [
= ms33 ms33 |: € ] (4.49)
. Z3e
Z3e 1 0

globally K-exponentially stable at the origin. Proof of K-exponential stability of the
above closed loop system is straightforward using the results on stability of cascade
systems in [17] and [69], and those of linear time-varying system theory in [6],
see [68] for details. It should be noted that the persistently exciting condition on the
yaw reference velocity, r4, is required to prove K-exponential stability of the closed
loop system (4.49).

Remark 4.3. The persistent exciting condition on the yaw reference velocity ry ex-
cludes a straight-line reference trajectory. In comparison with the direct Lyapunov
approach summarized below, it is difficult to deal with any external disturbances
and/or actuator dynamics using the linear time-varying approach.

Direct Lyapunov Approach

The direct Lyapunov method has been widely used in designing controllers for un-
deractuated ocean vessels. However, the use of the Lyapunov direct method for de-
signing control systems for underactuated ocean vessels is not straightforward due
to the underactuated nature of ocean vessels. We here describe typical results of
trajectory-tracking control based on the Lyapunov direct method.

Local Trajectory-tracking Results

An application of the recursive technique proposed in [70] for the standard chain-
form systems yields a high-gain based local tracking result in [59] for surface ships.
The experimental results of this proposed controller were reported in [71]. The con-
trol design in [59,71] starts from (4.46) as follows. First of all, the following restric-
tive assumption is made on the yaw reference velocity:

0<rdmin<|rd(t)|<rdmaxa (450)

where rg i, and 74 . are strictly positive constants. Motivated by the work in [70],
the authors define new error variables as

W1 = Zle —Z2Z3e¢,

W2 = Z2¢ + Z1Z3e,

V1 = Ve +CUz3e + kowy, 4.51)
ko(d —k
Y2 =uUe+kiow — uwz,
cry

y3 =Z3ea
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where ¢ = my1/ma2, d = dys/mas, and k, is a parameter to be determined later.
It should be stressed that the condition (4.50) on the yaw reference velocity, r; is
required so that the error transformations (4.51) are valid. With (4.51), the tracking
error system (4.46) is written in a triangular-like structure as follows:

. ko(d—k

w1 =y~ kw1 + Z(TdZ)wz +warg —(v—2z17e) Y3,

Wy = y1 —kawy —w17rq + (1 =c)u+ z27,) y3,

V1= —cyarg +(cky —ka)rgw; —(d —kz)y1 + (22 +cdu +

ko ((1—c)u+zar.)) y3,
. 1
Yo = 22— 224 +k1y2—kior + EklkZ(d —ka)wr +kirgws +

T 1
—dzkz(d —kz)a)z — —kz(d —kz)(yl —k2w2 —Vda)l) —
crd Ccryg

(k1 (v = 2170) + ——ka(d —k2)((1 — )t + Z2re)) s,
Crqg

.).}3 = rev
Fe = §21 —$§214, (4.52)

where £2; and £2, are given in (4.30), and

Trd — d33rg + (M11 —m22)Ugvg
14 = .
mss3
Tuqg +Mavgrg —diiug

mii

2oy = (4.53)

The triangular structure (4.52) allows us to use the backstepping technique [3] to
design the controls £2; and £2,. In [71], the the controls £2; and §2; are designed as

21 = —a3(r —a;) +a, —kys,
2, = —a1y, —ywi +cargy — (—de +ki1ys—kiwr +
1 Fa 1
—klkz(d —kz)a)z +kirgws + _2k2(d —kz)a)z— — X
cryg cr; cryg
ka(d —k2)(y1 —kowz —rqwi)), (4.54)
where

1 —1
oy = (/\ +y(wiz1 +w222) +akoyiza + ki yaz1 — Ekz(d —kz))’ﬂz) X

(—a2y3 +yw1v—ywr(1—c)u—ay(c(§22 +du) + k(1 —c)u)+
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1
k1y2v+ —ka(d —k2)(1 —c)uyz | +rq,
Crq
1
K=A+ywiz1+ywrzo +akayizo +k1yaz1 — EkZ(d —k2)y2z2. (4.55)

In (4.54) and (4.55), the control parameters k1, k3, a, a1, az, as, and A are positive
constants, and are chosen such that

ka(d —k»)?
k2 < d, k] > %,
€7V d min
1 a kl(d—kz)

L — (4.56)
ka(d—ka) vy (cki—k2)?r]

It is noted that the virtual control ¢, given in (4.55) is solvable if and only if

1
A > _(Va’lzl +ywrza+akayiza +kiyaz — EkZ(d —kz)J’222)- 4.57)

Proof of local exponential stability of the closed loop system consisting of (4.54),
(4.46), and (4.30) can be carried out by using the Lyapunov function

V= %ya)f—l—%yw%—l—%ayf—i—%y%—i—%y%—i—%(r—ar)z. (4.58)
Remark 4.4. There are two limitations of the aforementioned tracking controllers.
These limitations are described in conditions (4.50) and (4.57). The condition (4.50)
implies that the reference yaw velocity r4 cannot be zero at any time. This restrictive
condition excludes a straight-line reference trajectory. The condition (4.57) implies
that the aforementioned trajectory-tracking result is inherently local. One can argue
that by the control parameters k1, k2, a, ay, az, as, and A may increase the size
of the attraction region. However, it is very hard to ensure this property since the
control parameters must satisfy various conditions specified in (4.56). In fact, this is
true, as said in [71].

Global Trajectory-tracking Results

Based on Lyapunov’s direct method and the passivity approach [72], two restricted
tracking solutions of an underactuated surface ship were proposed in [19]. We here
briefly summarize the result based on the passivity approach in [19]. The result
based on the standard backstepping technique [3] is discussed later. In [19], the
starting point is the tracking error system (4.46). The passivity based method con-
sists of two steps as follows.

Step 1

Design of the surge force 7,: This force is designed based on the Lyapunov function
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1 2 1 A 1_
Vi= 3 (zie—Aazzera)” + 523, + 5 00 + 5z (4.59)
where 1, = u, — g with
g = —A2(Z1e —A122¢7q). (4.60)

In (4.59) and (4.60), the control parameters Ag, A1 and A, are chosen such that

d
¢(t) = min (26(12 —a1r2(0), 2</\1r§(t) — (1_’:')%) 2em—2222, 2c1) _—
(4.61)

where ¢; is a positive constant, 0 < € < 1, and ¢* is strictly positive. In (4.59) and
(4.60), o is understood as a virtual control of u,. From the first time derivative of
the Lyapunov function V; given in (4.59) along the solutions of (4.46), a choice of
the surge force T,

Moo di
Tu = Tud +m11|:__(vr_vdrd)+_ue_cl(ue +A2(Zle_klZZerd))_
mii nii

0mii
rd ve) —Ao(Ue + ZoeFg + Z2Fe) +
2

A
((Zle —AZ2eTg) —
Alxzi'dZZe+AIA2rd(ve_Zlerd_ere)j| (4.62)

gives

nmii

. A
Vi <—c()V1+ |:(21e —MZoelrg) (2o + Argz1) —Z2ez1 — veu]re, (4.63)

ma2

where c(¢) is given in (4.61).

Step 2

Design of the yaw moment 7,: This moment is designed based on the Lyapunov
function

1, 1,
Vo=V + —Z3,+ =V, (4.64)
2 2
where 7, = r, — ¢y and
Aomiy
oy =—C2| (Z1e —A122e7a) (22 +Argz1) — 22021 — p” Vell + Z3¢ |, (4.65)
22

with ¢; > 0. From the first time derivative of the Lyapunov function V, given in
(4.64) along the solutions of (4.46), a choice of the yaw moment
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miy—ma d33 .
Tr = Trd +m33|:_—(uv_udvd)+_re_c3re ‘o —
ms33 mss3

mii

Ao veu+23e)i| (4.66)
Moo

((Zle —A1Z2e7q) (22 + A17q21) —Z2eZ1 —
where c3 > 0 results in

Vo< —c(t)Vi—ca ((Zle —AMZ2erg)(Z2+A1Ta21) — Z2¢21 —

Aomiy

2

Vel + z3e) —c3i2. (4.67)
ma3
This implies global asymptotic stability of the closed loop system at the origin as
long as the control parameters Ay, A1, and A, are chosen such that (4.61) holds.
Note that this condition is feasible only when the reference yaw velocity r; satisfies
the following restrictive condition

0<re <|rg(®)| <r*, (4.68)

where r, and r* are positive constants. In [19], the result based on the standard
backstepping technique also consists of two steps. The first step is to design the
surge force t,,. This step is the same as Step 1 mentioned above. The second step
is to design the yaw moment t,. This step is slightly different from Step 2. In this
step, a simple controller to stabilize the (23, re)-subsystem, that is the third and last
equations of (4.46), is designed as

mi1 —ma2

d
Tr = Trgd +m33[— (uv—ugqvg) + mﬁre —k1z3e —kzre:|. (4.69)
33

mss3
With the surge force t,, and the yaw moment 7, designed as in (4.62) and (4.70),
it is proven in [19] that the tracking errors (Z1e, Z2¢, Z3es Ue, Ve, Fe) €Xxponentially
converge (not exponential stability of the closed loop system) to zero as long as the
following restrictive condition on the reference yaw velocity r; holds

t
/ r2(v)dt > 0,(t —t9), V0 <ty <t < oo, (4.70)
to

where o, is a strictly positive constant.

Remark 4.5. In comparison with the trajectory-tracking results in [71], we see that
the control design in [19] is much simpler and gives global solutions. However, the
restrictive conditions on the yaw reference velocity cannot be relaxed, see (4.68)
and (4.70). Moreover, it is only possible to find the control parameters such that
c(t) given in (4.61) is strictly positive for vessels with a small ratio %, i.e., the
vessels with large damping in the sway axis.
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Remark 4.6. A common restriction of the above results on trajectory-tracking con-
trol of underactuated ships is that the reference yaw velocity has to satisfy various
kinds of persistently exciting conditions. This implies that the reference trajectory
must be curved, and indeed excludes a straight-line reference trajectory, hence, it
substantially limits the practical use of the aforementioned control systems. A cu-
rious question is why all the above controllers suffer from the must-be-curved ref-
erence trajectory restriction. An answer is that the design of the above controllers
starts from the chained form (4.46). The reader will find that this book provides
various solutions for trajectory-tracking control of underactuated ships without im-
posing a persistent exciting condition on the yaw reference velocity. As such, we
will not use the chained form (4.46) but will project the tracking errors, x — x4,
y —ya4,and ¥ — ¥4, on the body-fixed frame.

Apart from the aforementioned results on trajectory-tracking control of under-
actuated ships there are a few more results that are worth reviewing. Using sliding
mode control, output redefinition and results on tracking of nonlinear nonminimum
phase system [73], a path controller for surface ships was proposed in [74]. How-
ever, the convergence of the combined output does not guarantee convergence of its
components. A continuous time-invariant state feedback controller was developed
in [75] to achieve global exponential position tracking under the assumption that
the reference surge velocity is always positive. Unfortunately, the orientation of the
ship was not controlled. In [76,77], (see also [78]), the authors developed a high-
gain dynamic feedback control law to achieve global ultimate regulation and track-
ing of underactuated ships. The dynamics of the closed loop system is increased
due to the controller designed to make the state of the transformed system track the
auxiliary signals generated by some oscillator. The same approach was extended to
the case of adaptive tracking control in [77]. It is worth mentioning that in [47], a
time-varying velocity feedback controller was proposed to achieve both stabiliza-
tion and tracking of unicycle mobile robots at the kinematics level motivated by the
work in [18]. However this controller cannot be extended directly to the case of un-
deractuated ships or AUVs due to the nonintegrable second-order constraint. Some
related independent work includes [79,80] on local Heo tracking control and output
redefinition, and the trajectory planning approach, see [81,82].

4.2.2.3 Path-following

Path-following is here defined as a control problem of forcing an underactuated ship
or AUV to follow a specified path at a desired forward speed. Due to the high de-
pendence on the reference model and complicated control laws of the trajectory-
tracking approach, several researchers have studied the path-following problem,
which is more suitable for practical implementation. The problem of path-following
for air and underwater vehicles was introduced in [83] where some local results
were obtained using linearization techniques. In [84], a feedforward cancelation of
simplified vessel dynamics scheme followed by a linear quadratic regulator design
was proposed to obtain local results on “track-keeping”. A fourth-order ship model
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in Serret-Frenet frame was used in [85] to develop a control strategy to track both
a straight line and a circumference under constant ocean current disturbance. The
ocean-current direction was assumed to be known. A path-following controller was
proposed in [86] by using a kinematic model written in polar coordinates, which
is inspired by the solution for mobile robots in [60]. However, the controller was
designed at the kinematic level with an assumption of constant ocean current and its
direction known to be to achieve an adjustable boundedness of the path-following
error. Since ocean vessels do not have direct control over velocities, a static mapping
implementation might result in an unstable closed loop system due to nonvanishing
environmental disturbances. Recently, a path-following controller based on a trans-
formation of the ship kinematics to the Serret—Frenet frame, which was used for
mobile robot control [44], on the path was proposed in [87], where an acceleration
feedback and linearization of ship dynamics were used. It is worth mentioning that
in [88, 89], a simple control scheme was proposed to make mobile robots follow a
specified path using a polar coordinate transformation. Since underactuated surface
ships have fewer numbers of actuators than the to-be-controlled degrees of freedom
and are subject to nonintegrable acceleration constraints, their dynamic models are
not transformable into a system without drifts. Therefore, the above control scheme
is not directly applicable. In [54], a continuous, periodic time-varying feedback con-
trol law was proposed to locally exponentially stabilize an underactuated underwater
vehicle at the origin. When the hydrodynamic restoring force in roll is large enough,
this controller can be used without a roll control torque. However the closed loop
system exhibits undesired oscillatory motions.

In [90], a linearization technique with an assumption of reference trajectories of
underwater vehicles, which are helices parameterized by the vehicles’ linear speed,
yaw rate, and path angle, was introduced to develop the so-called time-invariant
generalized vehicle error dynamics and kinematics. Various controllers were then
designed based on the gain-scheduling technique to yield some local stability result
about the trimming trajectories.

4.2.2.4 Output Feedback

Output feedback control of an underactuated ocean vessel is here defined as a control
problem of forcing the vessel to achieve the aforementioned tasks (stabilization,
trajectory-tracking, and path-following) without using measurements of the vessel’s
velocities for feedback. For ocean vessels, output feedback control usually consists
of two stages. The first stage is to design an observer to reconstruct unmeasured
states. Using the reconstructed states, a controller is designed to achieve control
objectives in the second stage. In the literature, there are two main approaches to
designing an observer for ocean vessels.

The first approach is based on the output-injection method applied directly to
the vessel’s equations of motion. This approach is simple and usually results in a
semiglobal observer due to the quadratic terms of the vessel’s velocities. Belong-
ing to this approach are the results presented in [11, 14,91-94] on output feedback
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control of fully actuated ocean vessels or Lagrange systems. In addition, the reader
is referred to [93] for an exponential observer and output feedback controller for a
special class of multi-degree of freedom Lagrange systems without cross terms of
quadratic velocities, and to [14,95-98] for output feedback control of robot manip-
ulators and rigid body without measurements of angular velocities. Another method
to design an observer is the use of contraction theory, see for example, [99, 100].
This method has been applied to Lagrange systems with monotonic velocity terms
but without any quadratic velocity terms. Below, we summarize the aforementioned
results on an observer design. We will show that a standard observer design cannot
be used to obtain a global exponential/asymptotical observer for the ocean vessel
system (1.1). Assume that the vessel velocity vector v is not measurable for feed-
back. We would then design an output injection observer to estimate v as follows:

n=Jmv+ Kor1(n—1),

Mb=-C®)bd—D@)d—gn) +7+ Ko2(n—1), 4.71)
where 7 and ¥ are estimates of 5 and v, respectively, and the positive definite sym-
metric matrices Koy € R%*® and K¢, € R*¢ are the observer gain matrices. It is

noted that in some of the aforementioned work, the observer gain matrices K¢ and
K> depend on the measurable state 5. Letting the observer errors be

)

<
I

n_
v —

D S

4.72)
and differentiating (4.72) along the solutions of (1.1) and (4.71) results in

i1 =—Ko1ii + J (1),
M = —Kozii— (C)v-C(@)3) (D -D@)). @73

The term (D (v)v — D (9)9) does not cause a problem if the damping matrix D (v)
is monotonic, i.e., ((v — ﬁ)T(D (v)v— D(f))f)) is nonnegative for all v € R® and
d € RS. However, we can see a serious problem with (4.73) because of the Coriolis
matrix, i.e., (v —9)T (C (v)v — C (9)d) is not nonnegative for all v € R® and § € R®.
Therefore, only a local or semiglobal observer can be obtained.

The second approach involves a nontrivial coordinate transformation to trans-
form the vessel’s equations of motion to a new set of differential equations that are
linear in unmeasured states. Then the output-injection method is used to design an
observer. This approach usually results in a global observer if the nontrivial coor-
dinate transformation can be found. Unfortunately, this coordinate transformation
depends heavily on a solution of a set of partial differential equations, which in
general are hard to solve. The main idea of this approach is to find a coordinate
transformation

X =0, 4.74)
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where Q (1) is an invertible. This matrix is to be determined later. Substituting (4.74)
into (4.26) results in

i=JmQ X,
X =[0mv—0mM ' Cp|-0mM DO X + oM 'z,

(4.75)
The goal is to determine the matrix Q (n) such that
Q(mv—Q(mMM~'C(v)v =0, (4.76)
for all € R3 and v € R3. With (4.76), we can write (4.75) as
n=J Q™ (X,
X=-0mM'DO'X+ QoM 'z. 4.77)

It is seen that the transformed system (4.77) is linear in the unmeasured state X.
This allows us to design an exponential/asymptotical observer to estimate X . After
that an estimate, 0, of v can be found from (4.74), i.e.,

=07 "X, (4.78)

where X denotes an estimate of X . It is noted that combining the first equation of
(4.26) and (4.76) results in a set of partial differential equations. Finding a solution
to this set of partial differential equations is a hard task. A simple application of the
above idea gives the results in [101-104] for some single degree of freedom La-
grange systems. It is noted that the method of solving the set of partial differential
equations in [101-104] is not applicable for systems of more than one degree of
freedom. For more complicated Lagrange systems, it is hard to find a result in this
approach. However, the reader is referred to [105] where an output eedback con-
trol solution for simultaneous stabilization and tracking control of an underactuated
ODIN is given.

Remark 4.7. The main difficulty in designing an observer-based output feedback
for surface ships and Lagrange systems in general is because of the Coriolis matrix,
which results in cross terms of unmeasured velocities. In addition, the underactua-
tion of surface ships makes the output feedback problem much more challenging.
For example, many solutions proposed for robot control, see [14] and references
therein, cannot directly be applied. The reader will find that a set of special coor-
dinate transformations is derived in this book to transform the ship dynamics to a
system that is linear in unmeasured velocities, and another set of coordinate transfor-
mations that makes it possible to design global output feedback control controllers
for underactuated ships.



86 4 Control Properties and Previous Work on Control of Ocean Vessels

4.3 Conclusions

This chapter presented the main control properties of ocean vessels. The literature on
the control of underactuated ocean vessels including ships and underwater vehicles
was then reviewed. Through this review, several challenging questions were raised.
These questions motivate contributions of the coming chapters of this book.





