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Modeling and Boundary Control
of a Hanging Cable Immersed
in Water

A nonlinear distributed parameter system model governing the motion of a cable with an
attached payload immersed in water is derived. The payload is subject to a drag force
due to a constant water stream velocity. Such a system is found, for example, in deep sea
oil exploration, where a crane mounted on a ship is used for construction and thus posi-
tioning of underwater parts of an offshore drilling platform. The equations of motion are
linearized, resulting in two coupled, one-dimensional wave equations with spatially vary-
ing coefficients and dynamic boundary conditions of second order in time. The wave
equations model the normal and tangential displacements of cable elements, respectively.
A two degree of freedom controller is designed for this system with a Dirichlet input at
the boundary opposite to the payload. A feedforward controller is designed by inverting
the system using a Taylor-series, which is then truncated. The coupling is ignored for the
feedback design, allowing for a separate design for each direction of motion. Transfor-
mations are introduced, in order to transform the system into a cascade of a partial dif-
ferential equation (PDE) and an ordinary differential equation (ODE), and PDE
backstepping is applied. Closed-loop stability is proven. This is supported by simulation
results for different cable lengths and payload masses. These simulations also illustrate
the performance of the feedforward controller. [DOI: 10.1115/1.4024604]

Stuttgart 70569, Germany

1 Introduction

We tackle a boundary control problem for a cable subject to
Dirichlet actuation at the upper end. In this context, Dirchlet
actuation refers to being able to position the top of the cable. This
can be realized with an underlying fast position controller for the
top boundary, for example. The control objective is to position a
payload at the lower end. The payload is subject to a drag force
due to a constant water stream velocity. We present a nonlinear
model of the cable’s two-dimensional motion and derive a control
law for the linearized equations by applying feedforward control
and backstepping as described in Ref. [1]. We extend the ideas
herein to basic wave equations for this problem.

Many different approaches to design controllers for systems
incorporating wave equation dynamics exist. In Ref. [2], a pure
wave equation with constant propagation speed and two Dirichlet
boundary conditions, with one input boundary, is considered and
stability is shown for a feedback controller incorporating a time
delay. For the same equation, discrete optimal control is consid-
ered in Ref. [3] for finite time stabilization using Dirichlet input
boundaries on both ends of the string. In Ref. [4], a more general
version of the wave equation, including in-domain (anti)damping
is studied and a stabilizing feedback control law is derived using
backstepping techniques for a string fixed at one end and a
Dirichlet-type input at the other end. A distributed quadratic term
describing friction is considered in Ref. [5] for a feedforward con-
trol using a power series approach. Applications in physics and
engineering give rise to wave equations with even nonconstant
coefficients. For example, piezoelectric stack actuators [6] involve
a simple wave equation but have complex dynamics due to
coupled boundary conditions. Only a few authors study coupled
partial differential equations as it is done in Ref. [7] for a flexible
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marine riser using a nonlinear beam equation that is of fourth
order in space and second order in time. Some of the literature
focuses on feedforward design based on system inversion [6,5] or
optimal control strategies [3]. Others concentrate on feedback
using Lyapunov methods [7,8] or PDE backstepping techniques
[2,4] that employ Volterra integral transformations.

The problem considered in this paper is motivated by the physi-
cal problem of in-plane motion of a payload attached to a cable
hanging from a crane tip in an offshore environment. Several
smaller steel wires are twisted to form the massive cable. The
cable mass cannot be neglected, as for long cables it can be close
to or even more than the mass of the payload. Thus, the distributed
mass of the cable hugely impacts the dynamics of the system,
making a distributed parameters model a suitable choice. A cer-
tain portion of the cable is immersed in water and Dirichlet input
at the top is assumed. This is illustrated in Fig. 1. The system we
consider belongs to the more general class of axially moving sys-
tems. A good overview on modeling and control of these systems
is given in Refs. [9] and [10], for example. However, we also con-
sider the strain change in the cable as not negligible, thus a more
complex, nonlinear coupled PDE-system is derived governing the
motion of the cable. A similar but also simpler problem has been
addressed by Refs. [11] and [12] for horizontal cables in water
and by Ref. [13], where control of the horizontal motion of a verti-
cal cable is considered, whereas this paper studies both vertical
and horizontal motion of a cable in water. After deriving two
coupled wave equations describing the motion of the cable and
the dynamic boundary conditions describing the payload’s
motion, we present an example for a control approach combining
a feedforward controller based on system inversion and a feed-
back controller using backstepping techniques. For the feedback
design, the system is split into two independent subsystems and is
transformed into a PDE-ODE cascade before a controller is
derived. This concept has been used before, for example, in Ref.
[14], where a simple, Neumann-actuated wave equation driving
an ODE through Dirichlet interconnection is studied and the case
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Fig. 1 Offshore crane with cable and attached payload which
is subject to a drag force due to the stream velocity V

of the ODE acting back on the PDE is left for future research. In
this paper, a more complicated, coupled PDE-system is used and
the system can be regarded as a PDE-ODE cascade with the ODE
being driven by the PDE but also acting back on the PDE through
the dynamic boundary condition used to describe the payload
motion.

The paper is organized as follows: First, the nonlinear equations
governing the motion of the cable and the payload are derived in
Sec. 2. In Sec. 3, the controller designs are presented. A feedfor-
ward control signal is derived using system inversion with a
Taylor-series solution and a feedback law is designed using the
backstepping approach from Refs. [1] and [4]. Stability of the
closed-loop system is proven. In Sec. 4, simulation results are pre-
sented and a short conclusion is drawn.

2 Modeling

The nonlinear partial differential equations governing the
motion of the cable and the payload are derived in Sec. 2.1. These
equations are then linearized in Sec. 2.2 assuming a constant, non-
zero stream velocity acting only on the payload. Our main result,
a controller design approach, is presented in Sec. 3.

2.1 Nonlinear Model. In order to derive the nonlinear equa-
tions governing the motion of a cable with an attached payload at
the bottom, we assume a cable with constant length, equally dis-
tributed mass, and a constant stream velocity V. Disturbances and
external forces, such as drag along the cable, are neglected, except
at the payload where an additional drag force due to a horizontal
stream velocity is considered. This is justified because of the small
dimensions of the cable compared with the payload, which usually
has an effective surface of at least several 10 square meter. Thus,
the angular momentum due to stream velocity is much larger for
the payload than for the cable. Buoyancy can easily be considered
by adjusting the specific mass of the cable m = mcpie — pwA,
with py being the water density and A the cross-sectional area of
the cable. As the cable is assumed completely immersed in water,
for tangential motion some water has to be moved along with the
cable, which is accounted for by using an added mass
Madded = CapwA, according to Refs. [15] and [16]. C, is the added
mass coefficient. Thus, we use M = m + myqqeq for the tangential
motion.

We consider a single cable element as shown in Fig. 2. For
a cable fixed at both ends, similar equations of motion and their
derivation can also be found in linearized form in Refs. [17-19].
The in-plane motion of an infinitely small cable element can be
described in two different coordinate frames. The y-, z-coordinate
frames are earthfixed and the z-axis always points downwards,
perpendicular to the surface, while the y-axis is oriented to the
right, parallel to the surface. The g-, p-frames are locally fixed to
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Fig. 2 Local displacements and forces acting on an infinitely
small cable element

the cable and thus different for each cable element. Its centerpoint
is moved to (0,L — x)" and it is rotated by the angle ¢(x,) with
respect to the earthfixed frame. For a local cable angle of ¢ =0,
the axis ¢ and p are parallel to y and z, respectively. This leads to
the p-axis being tangential and the g-axis being orthogonal to the
cable. The cable coordinate x ranges from x=0 at the bottom,
where the payload is attached, to x=L at the top end, where
Dirichlet actuation is applied. For transforming vectors from one
coordinate system into the other, the rotational matrix Cy, and its
inverse can be used. They are given by

o ( cos(p(x,1)) sin(q)(x,t)))
’ —sin(p(x, 1))  cos(p(x,1))

. (COS(V)()@ 1) —sin(gp(x, f)))
Cpy=C), = .
sin(o(x,7))  cos(ep(x,1))

(€]

Thus, the position vector for a specific cable element in the y-, z-
coordinate frames can be expressed as

y q 0 cos(o(x, 1)) )
o ’t — = C » —+ = .
e = (1) =en(3)+ (2) = oty
sin X, t 0
oSty (0 o
cos(o(x, 1)) L—x
The lower case yz indicates vectors in the y-, z-coordinate frames.

Taking the first and second derivative of ry.(x, ) with respect to
time yields

ory:
ot

(x,8) = Vy:(x7 1)

= e -5 ) (et

tangential velocity v (x,r)

+ (% (6, 1) + plo, f)%‘f(x, z)) ( °°S(‘P(’(“’ %)

— sin(¢(x,

normal velocity vy (x,7)

3)
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tangential acceleration a;(x,r)

2

2 2 X,
" (gtg(x,t)wLZ?;;(x 0% (x0) 4l t)%;p(x,t)fq(x,t)<%—?(x,t)> )( st ) > @)

—sin(¢p(x, 1))

normal acceleration ay (x,7)

with the underbraces indicating the tangential and normal compo-
nents of the cable’s motion, respectively. The cable element’s
angular velocity is directly related to the normal velocities on
both ends of the element, whereas the rate of change in strain
is given through the tangential velocities at these ends. Thus, the
following additional kinematic compatibility relations can be
found [17]:

¢
5(?@ 1)dx(1 + &(x, 1))
-i&dx —0
dx ¢
=v(x, 1) = vp(x + dx,t) ——— E(x7 1)1+ &(x, 1))
_ 0 (0q O
o (S pen G ®
1

(X, I)dx = Vt(x7 [) - V[(X + dx7 t)

S == o (Lt - e G0

or (6)

A linear relationship for the tension 7(x, 7) and the strain &(x, )
along the cable using Young’s modulus £ and the metallic cross-
sectional area of the cable A is assumed (Hooke’s law, [20])

T(x,t) = EAg(x,1) )
In order to derive the equations of motion, the principle of linear
momentum is considered for both the y-direction and the z-direc-
tion. The acceleration tangential and normal to the cable are
denoted by a; and a,, respectively. Due to the thin nature of the
cable and the small displacement relative to the cable length,
bending stiffness is neglected and thus angular momentum is not
considered. With the specific weight u = mg, the following equa-
tions hold:

dx(may(x,t) sin(p(x, 1)) + May(x, 1) cos(@(x,1)))

= [T(x,0) sin(o(x,1)) —
dx(may(x,t) cos(p(x,1)) —
= [T(x,1)cos(p(x,1)) —

T(x + dx,t) sin(@(x + dx, 1))]

May(x, 1) sin(o(x; 1))
T(x + dx,t) cos((x + dx, 1))] + udx
®)

Dividing Eq. (8) by dx and approaching the limit dx — 0 yields

may(x, 1) sin(@(x, 1)) + May(x, ) cos((x, 1))

0
=~ gx s L& Dsin(o(x, 1))
may(x,t) cos(p(x, 1)) — May(x, 1) sin((x, 1))
= 0f t[ (x, 1) cos((x,1))] + u )

Now Eg. (9) can be transformed into cable coordinates using C,,
from Eq. (1). The resulting PDE system can be written as
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2 2
M“"(X”):M(gtz (x,t )—|—22 (ot )%t (x,0)+p(x, I)% Zo(x,t)
2
~atoe) (S00)) ) =T 50— sin(olc)

~ (0p dq, O Sl
ma&xﬁ)-m(W(xJ) 261 (x,t)—= % (x,0) —q(x,t)—==- o (1)

o) (G0 ) ) =G w) oot (10

Those equations, along with the kinematic compatibility relations
can be simplified by introducing the variables w(x, ¢) and u(x, )
defined by

w(x, 1) = J; (W—O—p()@ 1) W)dr (11)
and
u(x, 1) = Lt) (W —q(x, 1) %) dt (12)

For an observing person in the cable coordinate frame, w(x, ¢) and
u(x, t) express the distances travelled by the cable at position x
normal and tangential to the cable, respectively. However,
because the cable coordinate frame itself is turning over time in
order to determine the distance travelled in z- and y-directions
according to Eq. (3), one needs to first transform the velocities
from the cable fixed coordinate frame into the earthfixed frame
using Cy,, and then integrate over time.

Using Egs. (11) and (12), the PDE system can be formulated as

2W u
M(%@,r)%t (x, z)%“’(x,z)) :—T(x,z)%f(x,z)

Puc o W 0 ar
(0t2 (x,1) — 5()67!)%()(,[)) =—=

and the kinematic compatibility relations (5) and (6) can be rewritten as
Pw

— sin(p(x,1))

(x,2) + ucos(p(x,2))  (13)

N

(l +€()‘7t)) 8[ (Avt) - Bxﬁt (X, t) (14)
Oe u
a(xv [) = ot (-Xv [) (15)

At the top end of the cable, x =L, the position is determined by
the control inputs U,,(f) and U,(t). The boundary condition for
the bottom end of the cable, x =0, is found by applying the princi-
ple of linear momentum to the payload. Gravity as well as cable
tension and an external drag force due to the stream velocity V (see
Fig. 1) are considered here. Since the cable diameter is very small
compared with the payload dimensions, the distributed drag force
along the cable is neglected and only a single drag force at the pay-
load boundary is assumed. Hence, the boundary conditions, namely

w(L,t) = U,(t)

16
u(L,t) = U,(1) (10

at the bottom, x =0, are
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2 i
(032 0,0)+ gt(o z)%“’(o z))
=—mygsin(¢(0,1)) +Fycos((0,))
2u
m (Ga0.0-Gr 0050 00)
=—FEAe(0,t) +mpgcos(¢(0,1)) + Fysin(¢(0,1)) +F.cos(¢(0,1))
17

—F.sin(p(0,1))

with the drag force due to the velocity relative to the stream veloc-
ity given by

P, = ”7ch (v - %V: (0, 1) cos((0, 1)) — % (0, 7) sin(¢ (0, z)))

% |V — %—V[”(q ) cos((0,1)) — 5’:(070 sin((0, t))‘
F.= pzwc <% (0, 1) sin((0, 7)) — %(0, ) cos((0, t)))
« %_Vt”( 1) sin((0, 1)) — f’;‘[‘ 0,1) cos(go(O,t))’

where V represents the stream velocity parallel to the y-axis, pw is
the water density, and Cy is the drag coefficient, which is assumed
to be equal for z- and y-directions. The velocities are given in
y- and z-directions relative to the water stream flow. There is no
stream velocity assumed in z-direction.

Initial conditions are needed for a complete description. They
have to match the boundary conditions at x =0 and x =L for rea-
sons of consistency, namely

P(6.0) = o), (x,0) = ()

dt
i dg i (18)
Q(x7 0) - LI()(X), E (X, 0) = ql(x)

The nonlinear equations of motion (13) along with the kine-
matic compatibility relations (14) and (15), Hooke’s law (7), and
the above boundary and initial conditions fully describe the in-
plane motion of the cable.

2.2 Linearization. Equations (13), (14), (15), and the bound-
ary conditions (16) and (17) are linearized around a steady state for
a constant horizontal stream velocity (e.g., in y-direction only). The
steady states can be calculated analytically and expressed as

@o(x) = arctan ( (19)

Fo
mgx +mpg

1
f0(¥) = 72 Vg +mg? + R (20)

with F being the steady state drag force in y-direction given by
Fo =2 oy

From Egs. (19) and (20), it is possible to calculate the steady state
cable equation y(z) implicitly. Using

y(x) = .E sin @ (s)ds

X

£(3) = | cos e

yields after some calculations
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F

y(x) = — m—(; (sinh’1 f%(mx +my) — sinh ™! F% (mL + mL))
Fo 2 2

z2(x) = g <\/1 +§0 (mx 4+ my)* — \/1 +}%2)(mL+mL)2>

@n

The most general form of equations (13) linearized around any ar-
bitrary steady states for x € [D = [0,L] and € [0, c0) is given by

Pw P 9 9
T (1) = @) T3 () 4 bu(0) G (1) = ) 5 ()
22)
2 2
gﬂ (x,1) = aug 5 (60 +eulx )?; (x,1) (23)

Equations (22) and (23) are coupled and have spatially varying
coefficients which can be calculated from the steady states &(x)
and ¢, (x) as

EAgy(x s EA@y(x

CIW(X) _ ‘00()‘) , ,(.X) _ gCOS(([)O(X)) , CW(.X) — (/)O()L)
m(1+ey(x)) 1+&0(x) m
a, = %7 C (.X) _ gsin(goo(x))
m 1+¢o(x)
The boundary conditions for the top end, x =L, are
Lt)=U,(t
w(L,1) = Un() o

and for the bottom end, x=0

*w ow ow 6

SO0, =5 (0,0 = 1 e (0,0) v 5 (0,1)

&u Ou ow 8 ow

53 0.0 =0 S 0.0) = 1, 5 (0,0) = S (0,0) + T 5 (0,1
(25)

with coefficients calculated from the steady states ¢y (x) and ¢ (x)
and given as

. 7MLgCOS(§00(0))+F()Sin((p0(0)) . :@
' m(1+¢0(0)) R
 migsin(pu(0) - Focos(oy(0)

my (1 +¢(0))
= pwCaV cos’(90(0)), = pwCaV cos(y(0)) sin(gy(0))
v = pwCaV c0s((0)) sin(@g(0), 11 = pwCaV sin? (o (0))

Note that these boundary conditions only hold for this specific
example with boundary drag at the bottom end of the cable.

3 Control

The controller designed in, thls section for the system X is com-
posed of a feedforward part ¥', and a feedback part Xc, ensuring
closed-loop stability. Even though it is based only on an approxi-
mation of the original system, the model based feedforward part
still improves the overall controller performance compared with a
pure feedback control, as we will see in Sec. 4. The control
scheme is fed with the desired payload motion trajectory, i*(0, 7)
and w*(0, 7), which is then used to calculate the desired input for
the original system. The feedback part is used to correct for differ-
ences between the desired and the actual motion originating from
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u(0,2), w(0,1)

4?_‘

S u(1),w(1) i u(0,£), w(0,¢)

Fig. 3 Two degree of freedom control strategy diagram

modeling errors and disturbances. This two degree of freedom
controller scheme is illustrated in Fig. 3.

For the controller design, the system’s equations are normalized
in space and the system’s states are nondimensionalized. Thus,
the normalized cable’s coordinate is

X
t=_ 26
X=7 (26)
and the transformed positions are
1
w(x, 1) = ~w(x,1)
L @7

A(E, 1) = %u(}?, 9

This also implies scaling of the coefficients of the PDE. Note that
in case of a time dependent cable length, the normalizations from
Egs. (27) and (26) would be equivalent, but with L =L(¢). This
would lead to a more complex PDE-system with time dependent
coefficients which is beyond the scope of this paper. The equa-
tions used to design the controller are summarized as follows:

>Pw 0w o N
S R 0) = (D) s (50 + B(D) 5 (51) — () 5 (1)
(28)
ou 0%, _ 0w
ﬁ(xv t) = auﬁ(xv t) + Cu(x)g(xv t) (29)
with the following coefficients:
oo EAw(x) - geos(o(x)) o EA@H(x)
aW(x)imLz(1+so(x))’ bW(x)iL(1+80(X))7 Cw(x)* mL
CEA . gsin(p(x)
= =T )
The Dirichlet input boundaries are
W(Ll) :%Uw([)
! (30)
u(l,t) = ZUL,(I)

and the dynamic boundaries at the payload position are given by

*w _ow _ow _ it
W(Ov t) - ng(ov t) - .uw?((h [) - VWE(Ov t)
o*u 6ﬁ ow 8ﬁ _ Ow
atz (O t) 6)? (07 [) .uu ot (0 t) (-:)t (07 [) - Tuwg(ov t)
3D
with the coefficients given by
- migeos(gy(0) + Fosin(@o(0) _ _ EA
" mrL(1+ (0)) T mpL

Lo sin(¢y(0)) — Focos(¢,(0))
o I’IZLL(I + 80(0))

fi,, = pwCaV cos’(9o(0)), i, = pwCaV cos(¢,(0)) sin(,(0))
T = pwCaV cos((0))sin(¢y(0)), 7 = pwCaV sin*(¢,(0))

Journal of Dynamic Systems, Measurement, and Control

3.1 Feedforward. In order to invert the linearized system X,
consisting of Egs. (28) and (29), the input boundary conditions
(30) at ¥ =1 are replaced by the output boundary conditions at
X = 0. These represent the inputs to the inverted system, whereas
w(1,¢) and (1, ¢) are the outputs of the inverted system. The new
boundary conditions are

1
w(0,1) = w*(0,1) = — g, (¢
(0,1) = w'(0,1) 1Lg() )
i(0,1) = u*(0,1) = Zgu(l‘)

where g, () and g,(7) represent the desired output of the linear
system (22) and (23). The output of the inverted system is now
calculated using a Taylor-series approach inspired by Ref. [21].
To pursue this approach, the equations are further simplified and
the position-dependent coefficients are approximated by a con-
stant value, equal to the respective mean value of the function in
the interval [D. This is reasonable because the error introduced by
this simplification will be corrected by the feedback term derived
later. So, for the coefficients of Eqs. (28) and (29) it holds that:

1t S I 1t

ay :7J ay(¥)dx, by, :7J by (¥)dX, &, :7J ¢ (X)dx
L L

&u = dy,

Using this, the simplified system is written as

v, Pw, . 0w, . _ Oa._

W(}C, t) = awﬁ(){, [) +bw§(x, t) 76»;;&()@ t) (33)
% ,_ _&a oW _
W(X,t) :auﬁ(x,t) +Cu$(x,t) (34)

with X € [0, 1] and ¢ € [0, 00). The boundary conditions at X = 0
are split into the physical boundary conditions given by

Pw Ty OW ow ('M

W(O:f)zfg(ovf)* T (0,1) — v o (0,1)

0% T, 01 ow on Ty OW

W(Ovt)22£(0 ) 1y, 01‘( ) Vu&(o [)+ L 0 (O [)
(35)

and the design boundary conditions, given by the desired payload
motion

w(0,1) =

u(0,1) =

—gw(t)
2u(t)

1

L
! (36)
Lé

We now pursue a Taylor-series approach to solve the PDE-

system. This popular method can be found, for example, in Refs.
[21-23]. The solution is postulated as

00 XA
Wi, 1) = Zak 0%
o “ 37
(50 = >
k=0
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Solving the partial differential equations is now done by matching
the like powers of ¥ and finding equations for the coefficients oy
and f; of the Taylor-series solution. Applying (37) to (33) and
(34) leads to the following equations:

< P2 =k o0 k=2 o0 k-1

zbymm:mvam@fﬁ+m;wm§:ﬁ

- X
Cw ;ﬁk(t) (k — l)'
>\ d? x X 2 e !
_ﬁk(t) o &u ,Bk(t) + Eu O(k([)
— dr? k! kz:; (k—2)! ; (k—1)!
(38)
Thus, recursive equations for the coefficients of (37) are
1 [(d® ~ .
() = i ﬁka(l) = bwo1(t) + G (1)
" 39
1 [(d _ 39)
Bria(t) = i ?ﬁk(t) — Gyttt (1)

Applying Eq. (37) to the boundary conditions (35) and (36) leads
to the first two coefficients for the Taylor-series approximation

(1) = %gw(f)
5 (40)
(1) = £ (552000 + i onl0) + 1215
1
ﬂ (t) :7gu(t)>
L (1)

L (d* d d o
B0 = (a0 10, G200+ 0 0 = 2 1)

Having calculated the solution as a Taylor-series approximation
now allows to calculate the input trajectories w(1,#) and a(1,7)
required to generate the desired outputs Lw(0,7) = g, (f) and
Lﬁ(ov t) = gu(t)'

For rest-to-rest trajectories, a transition time 7 has to be chosen,
in which the load is moved from its current position (0, L) in the
original w-, u-coordinates to (w*,L + u*). For a payload motion
of 20% of the cable length, a transition time of 11 s seems reason-
able, as can be seen in Fig. 4(a). For heavier loads, this time can
be chosen even smaller, as we will discuss in Sec. 4. Since the
Taylor-series solution has an infinite number of coefficients, it has
to be truncated for practical use. This is possible as convergence
of the series can be proven for input functions of Gevrey-type. For
convenience, we use polynomial trajectories, which are also feasi-
ble, as shown by Ref. [24]. In this paper, only the first five coeffi-

o
)

o
-
a

Displacement w (m)
o

0.05
0
_005 1 1 L 1 L
0 2 4 6 8 10
£ (s)
(@)
Fig. 4
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cients are used to calculate the feedforward control to keep
the equations simple, yet to have enough coefficients for the
error to be reasonable small. Simulation results support this
decision with a maximum error of 7% for the parameters used
in this article (see Sec. 4). In theory, the error can be further
reduced by using as many coefficients as computational power
permits. For a practical application, there is no further improve-
ment as the summands become smaller and eventually measure-
ment noise and modeling errors account for most of the residual
error of the feedforward. Using five coefficients in Eq. (37), it fol-
lows that

w(l,1) = op(r) 4+ o1 () +%a2(t) +éa3(t) +2—14a4(t)

(1, = Bo(0) + B0+ 35a(0) + g B0 + 5 Bl))  43)

(42)

As seen from Egs. (39), (40), and (41) using only the first five
coefficients, the approximating polynomial includes the fourth de-
rivative of the desired outputs. For a rest-to-rest motion, the first
four derivatives at time ¢ =0 have to equal zero or otherwise steps
on the input position and velocity would occur, which are not
physically desirable. Thus, the following conditions are imposed:

gw(0) =Lw*(0,0), g,(0)=Lu"(0,0)
gw(T) =Lw (07 T)v gu(T) = Lu" (07 T)
d'gw(r)| _d'gw(r)| _ 7 d'gu(r)| _ d'gu(t) —0, i=1...4
dar |, dr e |, dtf |,

According to Ref. [25], for a rest-to-rest motion with the nth out-
put derivative at r=0 and t=T to be zero, at least n+ 1 coeffi-
cients have to be used for each output function. Thus, the
functions describing the desired payload motion are of the follow-
ing form:

gw(t) = agl® + agt® + azt’ + agt® + as® + Lw*(0,0)
Qu(t) = bot’ + bgt® + byt’ + bet® + bst® + Lii* (0,0)

The desired output functions for any given transition time 7" and
load displacement w*(0,T) and u* (0, T'), respectively, were calcu-
lated using a computer algebra system and are very complex, also
depending on the coefficients of Z. Possible reference trajectories
are shown in Figs. 4(a) and 4(b) for w*(0,0) = &#*(0,0) = 0 and
the reference cable parameters. As the main focus of this paper is not
on trajectory generation, simple polynomials are used. More compli-
cated trajectories might be more suitable for certain applications.
Trajectory generation for point to point motion is studied in

o
[N}

o
N
%]

Displacement u (m)
o

0.05
0
-0.05 :
0 2 4 6 8 10
1(s)
(b)

Input and desired load trajectories using T=11s and w*(0, T) = u*(0, T) = 0.2 and the reference parameters
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Ref. [26], for example, including an arbitrary number of points in
between that are to be passed within a specified safety corridor.

3.2 Feedback. A feedback law stabilizing Eqs. (22) and (23)
is derived in this section. However, the feedback is designed for
two uncoupled wave equations instead of the coupled equations.
The uncoupled equations can be found in the literature describing
the orthogonal and tangential motion of a string, for example, in
Ref. [27]. The equations are derived by linearizing the nonlinear
model around the steady states for Fo = 0 and using 1 + &y(x) ~ 1.
Using this, the equations are found in a similar way as in Sec. 2.2.
The orthogonal motion is governed by the PDE

>Pw P, ow
W(XJ) = (b—&—ax)ﬁ(xj)—l—a%(x,t) (44)
and the boundary conditions
*w ow
l(o/ I) = aif(ov t)
6t2 6)6 (45)
1
w(l,t) =-U,(t
w(1,0) = 2 U 1)
using
g mrg
=7 =— 4
a=7, L2 (46)
The tangential motion is governed in the domain by
2 EA 2
g5 _LK ok 1)
o mlL? dx?
and at the boundaries by
% EA Oi
55 (0.0 =222 (0,0)
t myL OX (48)

a(1,1) :%Uu(t)

Equation (44), along with the boundary conditions (45) can
also be found in Ref. [27]. Using this simplified cable model,
the controller for each motion can be calculated separately.
Note that the PDE describing the tangential motion is just a
special case of the PDE describing the orthogonal motion in
the domain using a=0 and b = EA/mL?. The boundary con-
ditions for both motions are equally structured as well. Due
to this fact, this paper will only focus on the design of the
orthogonal controller and just state the calculated results for
the tangential controller at the end for completeness. Now,
the transformation

v(x, 1) = w(x, 1) = w(0,1) 49)
X(#) = (w(0,1),w,(0,0)" = (X1 (1), X2(1))" (50)
leads to the system
v Py ov ov
v (%,1) = (b+ ax) pr (%,1) + a%(x, 1) — 067,?(0’ ) (51
with the boundary conditions
v(0,7) =0
1 (52)
v(1,0) =V(t) ==U,(t) — X (¢)

L

Here, X(¢) is the state of the payload and has its own dynamics,
which can be expressed in terms of a linear, time-invariant ODE
given by

D) = ax(0) + \/EBZ—; 0,1)

dt (53)

Journal of Dynamic Systems, Measurement, and Control

with

(54)

The transformation (49) can be seen as a moving coordinate
frame. Whereas w(X, ) is the cable displacement relative to the
z-axis in y-direction, v(¥,¢) is the cable displacement relative to
the payload position X, (¢), which is the center of the coordinate
frame for v(x, 7). This is illustrated in Fig. 5. Backstepping could
now be applied to find a stabilizing controller. However, the
resulting PDEs for the transformation kernels would be rather dif-
ficult and could only be solved entirely by numerical implementa-
tion, thus resulting in lower accuracy for the controller. In order to
avoid these problems and to use backstepping similar to the way
described in Ref. [1] on the PDE-ODE cascade (51), (52) and
(53), another transformation is introduced normalizing the wave
propagation speed to 1 and rescaling the PDE in space. This trans-
formation is inspired by Refs. [28] and [4]. With

v(¥, 1) = 27\/50(27 1) (55)
az +2vb
and
2
z=g(¥) == (Var +b - Vb) (56)
2
I=g(1) =>(Va+b-Vb) 57)
the transformed PDE-ODE cascade is given by
& d*c dc
v (z,1) = 92 (z,8) + B(z)c(z, 1) + p(2) 2 (0,1)  (58)
with
2
a
M) = 4(az + 2v/b)*
a az +2+/b
ple) = = [
Vb 2vb
and the boundary conditions are
w(x, 1) v(x,1)

Fig. 5 The different coordinate frames for describing the
motion of the cable
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¢(0,1) =0

(59)
(1) = C(t) = /% Jbr e
For the payload dynamics, only the input has to be rescaled
d oc
—X(t) =AX(t) + B (0,¢ 60
SX(0) = AX() + B (0,1 (60)

Now a backstepping controller combining ideas from Refs.
[1,21,33] can be designed to stabilize the system around the ori-
gin. We therefore introduce the transformation

0(eut) = h)eGr) = [ K iy = [ st 5 0y

—y(2)X(1) (61)
to map the system (58), (59), and (60) into the target system given by
P q >q dq
W(L [) oz a2 (Z t) 2d§(z7t) _eLI(Z7 [) (62)
with the boundary conditions
0,1) =0
q( 63)
q(l,t)=0
and the linear ODE
iX(t) = (A+BK)X(¢) +B@(O 1) (64)
dt B 0z’
The controller stabilizing Egs. (58), (59), and (60) is then given by
1 ! ! dc
Clt) =7 J k(1 y)e(y, )dy + J s(l,y) o (v, 0)dy + ()X (1)
() \Jo 0 ot
(65)

Substituting the time and space derivatives of Eq. (61) into the tar-
get system (62) yields
&q q

g
Oc

= — 2ds(z Z)+2d ()] 82(27[)

0= (z, 1)+ eq(z,t)

+ _Zdh(z) + 2;(272) + 22—;(2,2)} %(z,l‘)

+ d_zy (z) — ”(z)Az —2dy(z)A — ey(z)}X(z)

| Z

r 2 )
+ |eh(z) — %(z) + B(2)h(z) + 2%(2,2) + 2%(2,2)

&c

+ 500 - [ sty - e8| 5 0.0
+ [0+ 9@ - [ Ke)ptiay - (B

+2d (s(z, 0) - JO s(z,y)p(y)dy — y(z)Bﬂ 9cz(0,1)

z 2 2 2
4 |55 00 - 5560~ KeB0) 2053 )
—2dp(y)s(z,y) = ek(z,y)} c(y,1)dy

+ J BZY( z,y) — % (z,5)—s(z,)B(y)

~2k(z) ~ es(z)| G 00y

011006-8 / Vol. 136, JANUARY 2014

For this equation to be zero for any point in space and time, each
coefficient has to be equal to zero. Using this, along with the
boundary condition of Eq. (62) at z=0 and the ODE (64) and
rewriting k.(z,z) + ky(z,z) = k'(z, z), the following equations for
the transformation kernels A(z), k(z, y), s(z, y) and y(z) are obtained:

Pk 0%k *s
57 2) = 52 (E9) + 2455 () + 2460 )

+ (BO) + e)k(z,y)

z (66)
K(z0) = j Ky)p()dy — p(2)h(z) + 1(2)AB
2 (02, 2) = 3 @) = (BL2) + h(2) — 245 .2
for k(z, y) and similar for s(z, y)
2 2

o (9) = 53 200) + 24K.3) + (BO) + 0s(2)

(2,0) = j sz, y)p()dy + 7(2)B (67)
) =22 0)

The boundary condition for y(0) can be found by using Eq. (61)
for z =0 along with the boundary condition ¢(0, #) = 0. This yields
7(0) = 0. The boundary condition dh/dz(0) = 0 can be obtained
by plugging z=0 into the two last equations of Eq. (67). Using
¢(0, 1) =0, h(0) can be chosen arbitrary. It can be regarded as a
kind of scaling factor, which is compensated for by the other ker-
nel functions. To obtain the missing boundary condition
dy/dz(0) = K, we need to differentiate Eq. (61) with respect to z
and evaluate the result at z= 0. This yields

aq oc dy
20,0 = h(0) 5 0,0) = L (0)x()

Thus, for the gain kernels /4(z) and y(z), the following equations
are obtained:

1d
h(z) = — i% (s(z,2)) (68)
with
h(0) =1
dh (69)
and
ol (z) = p(z)A* + 2dy(z)A + ey(2) (70)
de - / / /
7(0) = (0,0)"
dy, (71
E(O) =

Both functions /4(z) and y(z) can be expressed in a closed form.
This will make it easier to solve for k(z, y) and s(z, y) numerically.
Thus, following the procedure in Ref. [4], /(z) can be calculated
analytically by using Egs. (67), (68), and (69). It follows that

h(z) = cosh(dz) (72)
From Egs. (66) and (67), it can be found that s(0, 0)=0 and
k(0,0) = —p(0) has to hold. Now s(z, z) and k(z, z) can be
obtained using /(z) in Egs. (66) and (67), respectively. This yields
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(73)
Cdn 1

k(z,z) =m(z) = E(Z) +§

h2) j (& — B(3) — e)dy - p(0)

= dsinh(dz) +%(d2 — ¢)zcosh(dz) —0—%}1(2) L B(y)dy — p(0)

(74)

Equation (70) with the boundary conditions (71) can be solved
analytically as well. For A as defined in Eq. (54), we obtain the
following solutions for y(z):

K
=Lsinh/ez
Ve
U I Kid Kid  e#0
7zgsinh ez — \/—le_ssinh Vez+ %z cosh/ez
(75)

The limit value for y(z) as e — 0 does exist and is given by

K]Z
= | K =0
’))(Z) Tle3 +KZZ ’ e

From this, we eventually obtain the kernel equations that have to

(76)

be solved numerically. Introducing the abbreviation
Ay) = B(y) + e, we obtain for k(z, y)
0%k 0%k s
e (z,y) — pE (z,y) = 2d872 (z,y) +2dB(y)s(z,y)
+ A(y)k(z, y) 7N
with
K(2,0) = | Key)p0)y = p(@H() +5(21A8
0 (78)
k(z,z) = m(z)
and for s(z, y)
s s ,
@(27)})_8_)]2(27))) 72dk(zvy)+A(y)S(Z7y) (79)

with

§(2,0) = L s(2,9)p()dy + 7(2)B, s

s(z,z) = — sinh(dz)

The functions /A(z) and y(z) are known from Egs. (72), (75), and
(76).

3.3 Existence of Solutions. In this section, we will prove the
existence of solutions to the PDEs satisfied by the kernels 4(z, y)
and s(z, y). This proof is inspired by Ref. [4], but modified due to
the boundary term in the domain of the original system (51), lead-
ing to modified PDEs for the kernel compared with the system in
Ref. [4].

Tueorem 3.1 (Existence of solutions). Let p € C'([0,1]) and
B €C°([0,1]) and d,c € C°([0,1]). Then Egs. (77) and (79) have a
unique solution k,s € C*([0,1]).

Proof. We use the method of successive approximations. With
a change of variables
(81)

C=z4y, n=z-y

the functions G = G(¢&, ) and G* = G*(¢, ) are defined as

Journal of Dynamic Systems, Measurement, and Control

o (E+n é— _[(¢+n E—n
G(Qn)_k(T’T) G(f,ﬂ)—s( 5 )

Let us also denote

@@ =n(3). 0@ =-sin(%)

by :=2d, by:= ,1(6 - "), by = Zdﬁ(ﬂ) (83)

(82)

2 2

For k(z, y) from Eq. (77), this change of variables yields

PG L[ (PG PG e
Seon G =3 (0 (G e =25 @+ e

Eon & o on?
T bGE ) + bGP, n)) (84)
with
G(£,0) = g1(¢)
¢ (85)
G(2.9) = ()48 ~ | p(IG(E, e = plO()
and for s(z, y) from Eq. (79) we get
PG* 1
m(@ﬂ) :Z(blG(fﬂ) + G (&) (86)
with
GS(€70) = gZ(é)
¢ 87

G'(6,8) = OB - [ p(0)G (¢, 1)

0

Integrating Eqgs. (84) and (86) first with respect to 1 between 0 and
n and then with respect to ¢ from 7 to ¢ and finally using the
boundary conditions (85) and (87) yields

o

. p(1)G(n,t)dt — p()h(n) +£1(&) — g1(n)

1 (€M 1 (€M
+—J J bzG(I,S)dsdr—l-—J J b3G*(t,s)dsdt
4 nJo 4 nJ0o

G(&n) = 7(n)AB —J

1< [(0°G >’G 2*G
+4—1L L b, (3—52 (t,8) — 2@(1,5) +a—;12(r,s))dsdr
(88)
and
"
G*(&m) =108 ~ [ (16" + £2() — )
1 (¢ IS
+—J J blG(T,s)dsdr+—J J byG* (7, s)dsdt

4 n Jo 4 n JO

(89)

From Egs. (88) and (89), we find a solution by using a recursive
method. We define the starting solutions G°(¢, ) and G*°(&, 1) as

() :V(n)AB—rp(f)GO(M)dT—p(n)h(n)+g1(é) —ain)

0
(90)

G*O(E,m) = 7(n)B — J ()G, )t + 2(8) — galn) O1)

0

and the recursion forn=0, 1, 2,...
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< 1 E The inducti h thesi
G"(&Em)= = b,G"(, 9)dvdr+4J J b3G*"(z,s)dsdt ¢ induction hypothesis
nJo nJo .,
¢ n n f"’
L (0*G" PG" PG G (& m)| < MK ( ,”) (99)
+7J’ J b' 74(‘[73‘)727(‘[7_9)+72(T73) dsdt n!
4),)o O¢ &y on ) iy
92) (G2 (& m)] < MK" == (100)
/s 1 & 1 E
G (&) = ZJ J biG" (v, s)dsdt + ZJ J byG™" (¢, s)dsdx holds for a particular, but unknown n € N. Plugging Eq. (99) into
e w10 Eq. (97) yields
93)
0,n+1 o 0,n
The solution to Eqgs. (84) and (86) is now given by GH(Em) = L p(1)G™" (n,7) dz
N n s N \N ¥4 < 1 MKH (]7+T) d
G(Em =Y G'(&m, GEn =) G"(En 04 < | Io(@)MK" 1= ds
n=0 n=0

o]0 MK" (1 "
and is proven to exist in Ref. [4], presuming existence and bound- S . (n+1)"dr

|
edness of G°(&, ) and G*°(¢, ). Those attributes are not obvious "
in our case and thus remain to be proven in a very similar way o]z 0. MK" MICTE—
using proof by induction. Thus, we define a recursion with starting > W @n)™ =n
condition
00 < ||PHL°<(0,1)MK" (@ )Hl
G (& n) =v(AB — p(n)h(n) + 81(<) —g1(n)  (95) STl ¢
G**%(&,n) = (mB + 2(€) — g2(n) (96) , _ , ,
and using the hypothesis (100) along with Eq. (98) it follows
and the recursion formula similarly
1
N G.&',O,n+l 57 :J T G.&:O,n 1 dt
GO’"“(Cf,n) — _J p(f)GO‘n(l/],‘C)d‘C (97) | (— 'I)| 0 |p( ) (7/ )|
0
! (n+7)"
, 1 ; < nil 2
Gs,O,nJrl (67 ’7) — _ J p(‘E)Gé‘O"n ('7’ ‘E)d‘L' (98) = JO |p(T)|MK ol dt
0
||p||L% (o) MK" (1 ,7
Using < 7’1' Jo (n+1)"dr
M ::max{ AB||; <o + h x <o nMK"
|ly(mAB||, (0,0) ()], (0,0) < ol (0.0) [(2’1)”1 _ nn+]:|
dg dg (n+1)!
1 2
+ 2ZH s Bl +2/H ‘ } [10l1 (0. MK" 1
02 o) e

- (n+1)
it can be concluded for the base case that
Thus, by induction it has been proven that Eq. (99) holds for all

G0 m)| < [y(n)AB = p(m)h(n) + g1(E) = &1(n)] n€N with K = |[p[|;x(,, for example. This is bounded,
< because p is a continuous and differentiable function in a bounded
< |y(n)AB h - i
< [mAB[ +lp(m)h(m] + 181 (C) = &1 (n)] domain. Therefore, the solutions of Egs. (90) and (91) exist and
< |l (mAB|| <0 + o)A |1 (0,) are given by the series
dgl 0
g Ollixple =l GOem) =Y G (&), GO ZG‘O" &n) (101
< ||V(VI)ABHLX o) + )R]0,
d From Egs. (90) and (91) we can conclude that G°(¢,#) and
+21 H g1 G*°(&,n) belong to C*([0,1]) for a continuous and differentiable
L(0,1) p(z). Because G(&,#) is defined on a bounded domain, this also
<M implies that |G°(&,n)] is bounded. Thus, existence and bounded-
- ness have been proven.
and similarly
3.4 Inverse Transformation. To prove stability of the
50,0 . B closed-loop system, the inverse transformation has to exist and
GG < (1B + 2(6) — ga () must be unique. Let us define the inverse transformation
< [v(mB| + [g2(&) — g2(n)] q(z,t) = c(z,1) as
dg, . ~ P
< Bl o +H—<5> E-ml ey = . [ oy
R (Gl . clevt) = 1@)a(z.0) — | mzy)ay)dy — | ) G ey
dgz —a(z)X(t 102
< 1Bl o + 2 il (102
L=(0,]
- ed We can find the kernel equations in a very similar way as before.
=M For the first term in Eq. (102), we obtain
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(2) =5 75(2) (103)
with the boundary conditions
1(0) =1
dl (104)
7 (0)=0

The kernel equations for m(z,y) in the second term of Eq. (102)
become

Pm Pm n
ﬁ(ZJ) = aT)Z(Z,Y) - 2d0—y2(z,y) + 2des(z,y)
— (B(z) + e)m(z,y) (105)
with the boundary conditions
m(z,0) = p(2)I(0) 4+ o(z)AB + 2dn(z,0
d d?l Os (106)
2.2 = 5 @)+ (BE) + o) +245 2.)
For the third term in (102) the equations are
&n &n
@(Z,Y) = 872(2’” —2dm(z,y) — (ﬂ(z) —4d* — e)"(%)’)
(107)
with the boundary conditions
n(z,0) = a(z)B
1al (108)
n(z,z) = EZ(Z)

For the kernel o(z) within the last term of Eq. (102) we obtain

2
L) =24 BER) ~p() R 0)  (109)
with the boundary conditions
%(0) = (0,0)"
do (110)
Z (0) =-K

These equations are very similar to the equations satisfied by the
kernels for the forward transformation. Thus, the existence of a
solution for the kernels can be shown in a very similar way and
there exists a unique solution for /(z), o(z), m(z, y), and n(z, y).

3.5 Stability of the Target System. For the target system,
consisting of Egs. (62), (63), and (64), we formulate the following
stability result.

THEOREM 3.2 (Stability of the closed-loop system). Consider the
closed-loop system consisting of the plant (58), (59), (60) and the
control law (65) with d > 0 and e > 0. Let Ay and A denote the
two eigenvalues of the matrix A+BK and let K be chosen
such that both eigenvalues have negative real parts. Then all
the eigenvalues of the closed-loop system have negative real
parts and reside to the left of the vertical line
Re(1) = max{Re(1;),Re(4), —d,Re(—d + Vd* — e)}.

Proof. We investigate the spectrum of the target system (62),
(63), (64), because the target system and the closed-loop system,
(58), (59), (60), (65) in the original variables have the same spec-
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trum. For determining the spectrum of the target system, we seek
a solution of the form

q(z,1) = exp(at)o(z) (111)

Substituting this into Eq. (62) yields

d2
Po(2) = 5 0(2) — 2d09(2) - en(?)
2
:OZE(p(z) — (2do + e+ 6*)p(2) (112)
with the appropriate boundary conditions
0(0)=0 (113)
o()=0 (114)

The solution to this boundary value problem using Egs. (112) and
(113) is given by

o(z)=C sinh(zx/ 2do + e+ 02)

(115)

From boundary condition (114), ¢ can be calculated as

[\V/2do + e+ 6% =ikn

k 2
= O(ok—1)/(2k) = —d T\ [d* — e — (TN) ., ke N/0 (116)

Thus, for any choice of d > 0 and e > 0, the eigenvalues reside in
the left half of the complex plane and in fact the rightmost eigen-
value is always left of or on the vertical line at A, with

Jmax = max(—d,Re(—d + Vd? — e)) (117)
Note, that for e > d2, all eigenvalues have the same real part, with
Re(oy) = —d. Including the two eigenvalues from A+ BK into
the spectrum gives the result stated in the theorem above.

From this analysis, it can be seen that the closed-loop system
satisfying the compatibility condition

1
c(l,O)zm(

!

J’k(l,y>c<y,o>dy+j

0 () 5 10+ 5(0X0) )

(118)

is asymptotically stabilized by the control law (65). Transforming
(65) back into the original variables yields the controller

LU = w(0.0) + {2 “ KO0, ) = w(0,0)dy

! ow oW
+ [ 007005 00 - G 0.0 )y
00,0, 0, z))T} (119
with
7) = blay + b)) 4 (120)

which drives the system (44) and (45) to w(¥,7) = 0 for ¥ € [0, 1]
and ¢ € [0, 0o). For a given desired trajectory w*(x, ) the control-
ler with
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Fig. 6 Comparing the actual w(L, ) (dotted) and desired w*(L, ) (solid) payload motion. The input w(0, ) (dashed) is also
shown. The transition time is T=15s.

1.2f ] -1
1.1' \

/;;:09' b /,

\
s(1,y)
V4

= osl . .

T 08 5 =
0.7} --- . .
0.6} . o

=2.5F ¢
05 k/_/_/ E.

04

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
y y

(a) (b)

Fig. 7 Spatially varying weighing terms for position and velocity feedback for L = 100 m (solid) and L =200 m (dashed)
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Fig. 8 Closed-loop simulation results for an orthogonal and tangential displacement of 20 m. The transition time is T=15s.
The desired trajectory (solid) and the actual trajectory (dotted) are with the left axis, the difference (dash-dotted) is shown on
the right axis. Note that two different y-scales have been used to magnify the error.
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Fig. 9 Closed-loop simulation results for an orthogonal and tangential displacement of 20 m. The transition time is T=15s.
The feedforward control input (solid) is with the left axis, the feedback part (dash-dotted) is shown on the right axis. Note that
two different y-scales have been used to magnify the feedback part.
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the right axis. Note that two different y-scales have been used to magnify the error.
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+w*(0, t))dy

+f s(LY) () (%—V:(L» 1) —%(Ly, f) _%V

0

(0,1)
+% (0, t))dy

. ow ow* T
+ ”/(1) (W(Oa t) -w (07 t)va(oat) - W(Ov t)) :|
(121)

achieves lim,_,o, w*(x, 1) — w(x,#) = 0. This result can be found
by designing the controller not for the original system, but for the
error system using e, (x,#) = w(x,7) —w*(x,7) assuming the
desired trajectory w*(x,¢) fulfills the original system equations
(44) and (45). The desired trajectory has to comply with the com-
patibility condition (119). A trajectory fulfilling

*

M 0) =0

w(x,0) =0 and o

(122)

will always meet this requirement, as do the trajectories described
in Sec. 3.1. The controller for the tangential motion with the gain
kernels calculated accordingly is given by

1
Ualt) = u(0,1) — u*(0,1) + J K(19) 2 (L) = (.0

—u(0,7) + u*(0,¢))dy

! 1 [ Ou ou* Ou
+ [ s (G =S -G

0 Vb
+ 9 0, 0)dy + (1) (0, 1) — u* (0, 1), 220,
o ’ AP
_9 ;))T (123)
ot
4 Results

The simulation results shown in this section have been obtained
for a steel cable of length L=100m and a specific mass of
m = 8.95kg/m. The used payload mass is m; = 1000 kg, which
is actually at the lower end of possible payload masses for this
application. The controller can be chosen even faster for higher
masses. The performance of the open loop with feedforward con-
trol can be seen in Fig. 6 for a transition time of 7= 15s. After
stopping at the desired position, the payload keeps oscillating
around it with a small amplitude due to the cut-off of the Taylor-
series approximation. Therefore, the feedback loop is used to min-
imize these errors. For the same cable parameters as above, Fig. 7
shows the numerical solution for £(1, y) and s(1, y) for two differ-
ent cable lengths. The results are shown in Fig. 8 for the same
transition time of T = 15 s. The different contributions of the feed-
forward and the feedback part are shown in Fig. 9. It can be seen
that the feedforward accounts for most of the input during the
transition time, while the feedback part remains below 5% of the
overall control input. Due to the slower motion and thus smaller
higher derivatives, for a longer transition time of 7=30s the
results are even better, as can be seen in Fig. 10. In Fig. 11, the
cable is initially at rest and after = 10s subject to a step shaped
disturbance. The stream velocity is increased by 0.5m/s, which
introduces an additional force to the payload leading to a constant
offset, due to the P-feedback structure of the controller with no in-

011006-14 / Vol. 136, JANUARY 2014

tegral part. At t=35s, the disturbance is switched off and the
closed-loop error goes back to w(L,t) —w*(L,f) =0 and
u(L,t) —u*(L,t) = 0.

5 Conclusion

This paper presents the design of an asymptotically stabilizing
controller for a coupled wave equation system in one spatial
dimension. The partial differential equations used to calculate the
gain kernels are derived analytically and solved numerically. The
closed-loop spectrum resides entirely in the left half of the com-
plex plane. A larger mass and a shorter cable contribute to a better
controller performance. The reason for this can be found by look-
ing at the feedforward design. Since the coefficients are assumed
to be constant in the design approach, the accuracy depends
mostly on the deviation of the coefficients relative to the mean
value. For each coefficient, this deviation is somewhat determined
by the cable mass compared with the payload mass. Thus, for a
shorter cable and a heavier payload, the feedforward gives more
accurate results than for a longer cable or a lighter payload. Addi-
tionally, the accuracy can be further improved using longer transi-
tion times, which is physically suitable, as there are simply
physical limits to moving a huge payload with a mass of more
than 1000kg from one point to another. Using more coefficients
of the Taylor-series solution for the feedforward controller elimi-
nates this problem in principle, but other problems arise from
input bounds. The feedback controller was designed for a
decoupled, hence simpler model. As could be seen from the simu-
lation, it can be used as a stabilizing feedback along with the feed-
forward controller for the coupled equations and the results were
very good, with only small errors.

For a practical implementation of the presented control
approach, two points have to be considered. First, actuator limits
have to be taken into account. For a very fast controller, velocity,
and acceleration at the top can easily exceed these limits. Thus,
the controller has to be tuned according to the dynamics of the
available actuators. Second, because the infinite dimensional
states u(x, 1), u;(x, 1), w(x, 1), and w,(x, ) can never be measured
entirely, it is always necessary to design an observer in order to
implement such a backstepping controller. Observer design has
not been subject of this paper, but it is very similar to the design
of the controller itself and is subject of ongoing research. Care has
to be taken in where to place sensors and what to measure. From a
theoretical point of view, measuring the position of the payload
would be best. In order to stabilize the observer system, an addi-
tional measurement either at the input boundary or anywhere at
the cable is also necessary. Unfortunately, implementing a posi-
tion measurement for the cable can be difficult in practice. Thus,
acceleration measurements taken at the payload position and eval-
uated according to Refs. [29-31] are a possibility. Further infor-
mation on observer design for linear PDEs and PDE-ODE
cascades using backstepping techniques is provided by Refs.
[1,21], for example.
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