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1. Introduction

Cranes are essential in a wide range of operations in offshore
and onshore industries. Cranes are required to transfer payloads
to a desired location without excessive payload oscillations. Pay-
load oscillations are typically caused by crane motion, and may
cause danger and interruption of crane activities. The use of auto-
matic control has therefore been introduced to reduce downtime
and improve the efficiency and safety of crane operations. The
research community has devoted much effort to this, and both
open-loop and closed-loop methods have been developed.

Early research on crane control was presented in Sakawa
and Nakazumi (1985) where a combination of a state observer
and a linear optimal controller was used for a rotary crane.
Comprehensive reviews are found in Abdel-Rahman et al. (2003)
and Ramli et al. (2017). An important research field for cranes
is the measurement of payload motion, which is considered in
Rauscher et al. (2018).
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Input shaping is an open-loop technique which has been stud-
ied extensively for cranes (Blackburn et al., 2010; Cutforth &
Pao, 2004), where the goal is to generate trajectories that will
not induce pendulum oscillation. This was achieved by using
a flatness approach in Knierim et al. (2010), where sufficiently
smooth trajectories of the payload were generated for feedback
control, and a simple dynamical system could be derived so that
a controller could be derived by pole placement. In addition,
the acceleration from the proposed controller was converted
to velocity inputs for the drives of the trolley and winch. This
was further developed in Rauscher et al. (2018). Flatness-based
control of a gantry crane for transferring a payload between two
positions with minimum transition time was proposed in Kolar
et al. (2017).

Several controllers based on neural networks and fuzzy logic
have been proposed for cranes. A combination of a learning
strategy and adaptive control method was proposed in Qian et al.
(2017) for an offshore boom crane.

Nonlinear energy-based controllers of 2-DOF overhead crane
systems were proposed in Fang et al. (2001) by using LaSalle’s
invariance principle, and in Chung and Hauser (1995) where the
stability was analyzed about a desired periodic orbit. In Yu et al.
(1995) a nonlinear tracking controller was proposed for a 2-
DOF gantry crane system using a singular perturbation design.
An energy-based feedback controller was presented in Sun et al.
(2013) for 4-DOF overhead cranes. The proposed controller was
derived by considering practical input constraints, and achieved
satisfactory trolley displacements while damping out payload
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oscillations. A Lyapunov-based nonlinear controller for a 3-DOF
cart and payload system with constrained pendulum length and
trolley stroke was proposed in Yoshida (1998). In Sun et al.
(2015) the authors proposed an energy-based controller by us-
ing Barbalat’s lemma for the position of a trolley with hoisting
while suppressing payload oscillation in one plane. A nonlinear
controller using a feedback linearization technique was proposed
in Wu and He (2016). In Cibicik et al. (2018) a controller based
on LaSalle’s invariance principle was designed to damp out os-
cillations of a bifilar pendulum. In Sun et al. (2016) the authors
presented an adaptive controller which was designed to damp
payload oscillations and to reduce unexpected overshoots for the
jib slew and trolley movements for a tower crane system.

In Wu et al. (2015) the authors proposed model predictive
control (MPC) for a 2-DOF trolley and payload system. In Vukov
et al. (2012) a nonlinear MPC was designed to optimize point to
point motion with varying pendulum length for a cart and winch
mechanism. A controller based on an MPC and a particle swarm
optimizer for an overhead crane was proposed in Smoczek and
Szpytko (2017). The particle swarm optimizer was used for lim-
iting the residual swinging of the payload. A hybrid feedforward
and MPC controller was proposed in Kimiaghalam et al. (2001) for
damping the pendulum motion in one plane of a ship-mounted
crane with a Maryland rigging system. In Arnold et al. (2005) the
authors proposed a real-time MPC, where the nonlinear model
was linearized along a reference trajectory, to control the luffing
and slewing motion of a mobile harbor crane. This work is further
developed in Neupert et al. (2010) where exact linearization and
input/output linearization were used to simplify the nonlinear
behavior of the system, and by adding a linearized feedforward
part and a stabilizing feedback part.

In this paper we propose a control system with a Lyapunov-
based damping controller which stabilizes the pendulum dy-
namics of the crane payload. This Lyapunov-based controller is
designed so that it can be combined with a tracking controller
which is used to control the position of the crane tip and the cable
length. The goal of the Lyapunov-based controller is to stabilize
the pendulum dynamics so that the design of the tracking con-
troller is simplified. The tracking controller is a nonlinear MPC
(NMPC) controller. The NMPC controller can be designed with a
lower sampling frequency and with less computational complex-
ity due to the stabilized dynamics. In particular, the NMPC do
need not damp the oscillations of the pendulum, which makes
the NMPC problem sufficiently simple to be run in real time.

The Lyapunov-based controller is designed so that the un-
perturbed pendulum system is exponentially stable. This means
that the pendulum motion is ultimately bounded in the presence
of a bounded perturbation (Khalil, 2002). The NMPC is then
designed so that the control action of the tracking controller is
a bounded perturbation to the pendulum dynamics. The crane
tip and cable length can then track a reference trajectory with
ultimately bounded pendulum motion. The performance of the
controller is studied in simulations and in experiments using a
scaled laboratory version of a knuckle boom crane. A preliminary
version of the proposed control system was published in the
conference paper (Tysse & Egeland, 2019). The extensions of this
paper are that the crane tip moves also in the vertical direction,
the cable length is controlled, and experimental validation is
included.

The rest of this work is organized as follows. The kinematics
and dynamics of the crane and the payload are presented in
Section 2. Then the control strategy is explained in Section 3. The
Lyapunov-based damping controller is presented in Section 4, and
the nonlinear MPC controller is presented in Section 5. Simula-
tion and experimental validation are presented in Section 6, and
finally, conclusions are presented in Section 7.
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(a) Spherical pendulum and
suspension point system with (b) A
payload mass and length of | " 110 boom crane
pendulum L.  The origin of with suspension point
frame b is fixed at the suspen- (1), crane payload (2)
sion point, while the origin of anci slewing actuator
frame n is a non-moving frame (3).

located inside the crane king.

small-scale

Fig. 1. The knuckle boom crane.

2. Modeling
2.1. Crane payload kinematics

We consider a knuckle boom crane with a hoisting mechanism
(Fig. 1(a)). The crane tip is the suspension point of the hoisting
line, which is a massless cable with length L. The payload is
a point mass m. The inertial frame n has the z axis pointing
vertically downwards, and a frame b is fixed in the suspension
point with the z axis along the cable. The rotation matrix from n
to b is

RE = Rx(¢x)Ry(¢y)s (])

where Ry and R, are the rotation matrices about the x and y
axes (Siciliano et al., 2008). The generalized coordinates of the
payload are given by q; = [¢y, ¢,]". Coordinate vectors are given
in the frame indicated by the trailing superscript, which means
that, e.g., r" = Rjrb.

The position of the suspension point is rf = [Xo, Yo, 70]" while
the position of the mass is r* = [x,y,z]T = ry + Rgr’r’, where
r’r’ = [0, 0, L]". It follows that the velocity of the point mass is

V" = ol 4 &"RIr® + R, (2)

where i1 is the skew symmetric form of a vector u, vy = [%o, Yo,
701" is the linear velocity of the suspension point, ®" = [¢x, 0, 0]"
+ R,[O, éby, 0]" is the angular velocity of b relative to n. The
components of the acceleration a® = " = [¥, ¥,7]" of the
payload mass can then be found by time differentiation of the
components in (2) to be

X =Xo + Loyby — Lsy @y + 2Leyhy + Ly, 3)
¥ =Jo + Lsxey (@7 + &) + 2Leusydupy — Lexcyiy

+ LsySyy + 2L (—CuCyy + SiSyby) — Lscy, (4)
7 =7 — Loxey (@7 + @) + 2LsiSydupy — LsxCyhy

— Loxsyhy — 21 (sxcyd),( + cxsyéby) + Lexey. (5)

where s, = sin ¢, and ¢, = cos @,.
2.2. Crane payload dynamics

The equations of motion for the payload can be derived with
Kane’s method (Kane & Levinson, 1985) with generalized speeds
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((i)x, <2>y). The partial velocities are found from (2) to be

0 Lc
av" ov" y
v] = [—chcy] , V)= —— = [ Lsysy } . (6)
a¢x —Lsycy Iy —Lcysy
Then the equations of motion are found from
(" (—a"m+g") =0, fori=1,2, (7)

where a" is given by (3)-(5), g" = [0, 0, mg]" is the force of
gravity where g =9.81ms~2. It follows that the equations of
motion are

. yo(,' + 205 — 2LC 45 PR

buCy + whsy = —— Z Y 25,000y, (8)
.. —XoCy — VoSuSy + ZoCxsy — 2L .

¢y + wécxsy = Y aatd =y Y — Sycy¢f» (9)

L

where w(z) = g/L. An alternative derivation based on Lagrange’s
equation of motion is found in Abdel-Rahman et al. (2003). The
acceleration of the suspension point aj = [X0, Vo, Zo]" and the
hoisting rate [ are considered to be control inputs. The cable
length L is bounded by 0 < Liyin < L < Lpax.

2.3. Crane dynamics

In this section the crane dynamics will be developed. The
hoisting rate L is not considered in this section. The generalized
coordinates of crane and payload are given by q = [q}, q3]" where
q; =[x, ¢y]T are the coordinates of the payload and

©=[0 @ ¢] R’ (10)

are the coordinates of the knuckle boom crane. The coordinates
of the crane are shown in Fig. 1(b) with slewing joint q;, and
two prismatic actuators with stroke lengths g, and gs. The input
generalized forces corresponding to q, are T = [1q, 12, 13]".
The dynamics of the crane and the payload are given by the
underactuated system

My My | |4, Uil _
|:M21 Mzz] |:iiz:|+[ ] I:‘/’z ()
——— ——
M
where hy = C1(q,q)q and h, = C,(q, q)q are centrifugal and

Coriolis terms, and ¥, and ¥, are gravitational terms. The mass
matrix M is symmetric and positive definite. It follows that M,
aan M, are symmetric and positive definite, and that M, =
M;,.

A change of variables is done by introducing y = h(q,) where
¥ = [Xo, Yo, zo]" is the position of the tip of the crane. The velocity
mapping is then y = J(q,)q,, and

i, =J (@) —J(42)8). (12)

with Jacobian J(q,). In Tysse et al. (2021) the kinematics of the
knuckle boom crane is described in details, including the Jacobian
J(q,). The generalized force vector corresponding to the general-
ized coordinates y is 0 = J~ (qz)t The dynamics can then be

wrltten
D1, + Dy +ci1+¢, =0 (13)
Dy1G; + Dy +c+¢, =0 (14)

where the mass matrix is

p—| Dn Du | _ M, I

D;; Dy J ™My ] ™M) !
and ¢; = hy — Duj@,, 1 = ¥y, ©2 = J '(hy — DJ,) and
o, =] 4%_ It is straightforward to show that the mass matrix D

is symmetric and positive definite whenever M is symmetric and
positive definite. Moreover, D1; and D,, are positive definite.
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3. Control strategy

The crane is assumed to be controlled by the generalized
forces T from the actuators of the crane, while the Lyapunov
controller and the NMPC controller are formulated with the ac-
celeration of the crane tip as the control variables. To solve
this problem, a control strategy is proposed based on partial
feedback linearization as described in Spong (1994) and Shkolnik
and Tedrake (2008). The actuated part of the system is the crane,
while the crane payload is the unactuated part. In this setting, an
exponentially stable Lyapunov-based controller is used to stabi-
lize the crane payload dynamics to increase the damping of the
pendulum oscillations. The stabilized dynamics is then controlled
with a NMPC to control the motion of the crane tip with bounded
pendulum motion for the payload.

3.1. Partial feedback linearization

The unactuated dynamics (13) can be written g; = —Dl_ll(Dlz
y + ¢1 + ¢,) and substituted into the actuated dynamics (14),
which gives
Dpj+&+¢,=0 (15)

where Dy, = Dy, —D21D11 Dy is symmetric and positive definite,
C) =€) — D21D11 c¢; and ¢2 = ¢, — D21D11 ¢,. Partial feedback
linearization is then achieved with the input generalized force
vector

O’ZI_)zzv+E'2+q_52 (]6)

where v is a transformed control vector. The corresponding actu-
ator forces are computed from t = J(q,)"o. The resulting partially
linearized system is given by

D1y + €1 + ¢y = —Dyyv (17)
y=v (18)

It is seen that the acceleration y = v appears as a control input
to both the unactuated and the actuated part of the system.
Let the transformed control vector be

v=§¢ — Ky — K,y (19)

wherey =y —y9 and Ky, K4 > 0. This gives the cascaded closed
loop dynamics

Duij; + €1+ ¢y = —Dip( — Ky — K,) (20)
Y+Ky+Ky=0 (21)
where (20) is L1psch1tz in the input [y y T and (21) is expo-

nentially stable at [3", yT]T = [0, O"]".
It is noted that the closed loop dynamics (20) of the payload
is a perturbation of

Dy1ijy + €1 + ¢y = —D1oj’ (22)

where the desired crane tip acceleration j¢ = [¥4, jid, 74" is the
control variable. Note that the system (22) is equal to the system
(17) except that the desired tip acceleration 3¢ has replaced the
actual tip acceleration y. The motion of the payload can therefore
be controlled with the desired tip acceleration instead of the
actual acceleration when the model (22) is used. Then, if jid
selected so that (22) is exponentially stable, then the system
(20)-(21) will be exponentially stable as will be explained in
Section 5.2. This will be used in the controller design for the
system.
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3.2, Control of crane and crane payload

The desired acceleration jid of the crane tip is the control input
to the unactuated crane payload dynamics in (22) and at the same
time the reference to the actuated crane dynamics, as seen from
(19). This is solved by using

Vo =u+tw (23)

where u is the control input from the Lyapunov-based controller
for the crane payload, which is selected to make the unactuated
dynamics (22) exponentially stable. The resulting closed loop
dynamics of the crane payload is referred to as the stabilized
crane payload dynamics. Then the control variable w is computed
from the NMPC controller to control the crane motion and the sta-
bilized crane payload dynamics. The NMPC is used to constraint
the magnitude of the control input w so that the motion of the
pendulum is bounded.

4. Lyapunov-based damping controller
4.1. Introduction

In this section a Lyapunov-based damping controller is pre-
sented. This controller is used to stabilize the dynamics of the
pendulum, so that the pendulum will have better oscillation
damping than in open loop. The Lyapunov-based damping con-
troller is designed so that it can be combined with a tracking
controller for the crane tip. The controller design for the tracking
controller will then be less demanding due to the improved dy-
namics of the pendulum. In particular, if the tracking controller is
controlled with a NMPC, then the NMPC can have lower sampling
frequency and less complexity compared to a solution where
no damping controller is used and the NMPC must also handle
oscillation damping. Moreover the damping controller can be
used for initial damping of the payload oscillations before the
tracking controller is switched on.

4.2. Energy-based oscillation damping for stationary crane

In this section, an energy-based damping controller is de-
signed to stabilize the system (8)-(9) about the equilibrium point
when the position rj of the suspension point is nominally sta-
tionary, and the pendulum length L is fixed. This controller is
extended in the next section to oscillation damping in combina-
tion with motion tracking for the payload. The damping controller
is derived using the desired horizontal acceleration (x4, y4) of the
suspension point as control input. It is assumed that ig = 0 and
[? = 0. The damping controller is given by the feedback control
laws

¥4 = 2rwoly — Jisesy /ey JS = —2Cwoléby, (24)

where ¢ is a positive parameter to be chosen. Insertion of the
feedback control laws (24) into the equations of motion (8)-(9)
gives the closed-loop dynamics

BxCy + 200 Cx + WySk = 2xbySy, (25)
by + 2CwodyCy + wacksy = — s,y (26)

where the desired accelerations have replaced the actual acceler-
ations in the equations of motion (8)-(9) as in (22). Linearization
of (25)-(26) about the equilibrium ¢, = ¢, =0 and ¢, = ¢, =0
yields

bi + 2¢woi + wiei = 0,

It is seen that the linearized closed-loop model is represented by
two harmonic oscillators with relative damping ¢ and undamped

fori=x,y. (27)
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natural frequency wp. The stability of the nonlinear closed-loop
model (25)-(26) can be analyzed with the energy function

Vg = 0.5mL* (p7c) + ¢7) + mgl(1 — cecy), (28)

which is the kinetic energy and potential energy of the pendulum
with a stationary suspension point. Time differentiation of Vy4
along the trajectories of the solutions of (8)-(9) gives

Vg = mLcyFocx — MLy (RoCy + Fossy) - (29)

Substitution of the feedback control laws (24) gives the time
derivative of the energy function V; along the trajectories of the
solutions of (25)-(26)

Vg = —2¢womL? (¢pZcxcy + Pey) . (30)

From LaSalle’s theorem (Khalil, 2002) we can conclude that the
equilibrium ¢, = ¢, = 0 and ¢x = ¢, = 0 of the closed-loop
dynamics (25)-(26) is asymptotically stable.

4.3. Oscillation damping for moving crane
The next step is to design an exponentially stable damping

controller for the spherical pendulum system (8)-(9). The control
laws are ¥ = u, and ¢ = u, where

L . . UySxS
Uy = *(kdqby + kp¢y) - L5y¢3 - wa (31)
Cy Cy
Le, . - 2Ls, . . ¢S,
Uy = ——(kaths + kphs) — — ey + 8. (32)
Cx Cx Cx

The feedback control law is seen to be a PD controller with
gains k, and kq with some higher-order cancellation terms, which
will be small. Insertion of the control laws (31)-(32) into the
equations of motion (8)-(9) using ¢,sx = sx/c¢, — sxsf/cy gives the
closed loop dynamics

ésx + kdd’x + kp¢x + u)(Z)CySX =0, (33)
by + kady + kopy + wicysy = 0. (34)

This is referred to as the stabilized pendulum dynamics. It is
noted that linearization of the stabilized dynamics gives two
harmonic oscillators with undamped natural frequency w? =
ky + a)g and relative damping ¢ = kq/2w,. This can be used to
find controller gains k, and k.

4.4. Lyapunov Function

Consider the state vector X = [¢y, ¢x, ?y, qby]T and the domain

D=ix‘|¢j|<%—8and |<bj]§§]forj=x,y, (35)

where 0 < ¢ < w and 0 < § < m/2. The Lyapunov function
candidate

V(x) = 0.5L°x"Px + mgL (1 — cxcy) , (36)
is used, where
P, 0 P P2
P = , Py = . 37
|:0 Pl] ! |:P12 P22 (37)
is symmetric and positive definite with elements given by

p11 = (ky + cka)p2, P12 =CP22, P2 =m, (38)

where 0 < ¢ < ky. It is seen from (38) that
p11 — P1zkd — p22ky, = 0. (39)

As proposed in Wen and Bayard (1988), the introduction of a
nonzero off-diagonal term p, in the matrix P gives a cross term
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in the Lyapunov function candidate which is needed to establish
exponential stability. Given that p;; > 0 and

P11 P12
D12 P2

= ((ky + cka) = c*) p3, > O, (40)

it can be concluded that P is a real symmetric positive definite
matrix with positive eigenvalues (Golub & Van Loan, 1996). Since
|sine| < |af it follows that sin®(e/2) < «?/4. Together with
cosa = 1 — 2sin? (a/2), this gives cosa > 1 — «?/2. From this
it is clear that 0 < (1—c.,) < 0.5(¢? 4 ;) in D. Using this
condition, it is seen from (36) that
0.5I1%. x'Px < V(x) < 0.5[%__x"Px,

min max

VxeD (41)

where P = P+mg diag(1, 0, 1, 0)/Lpax, and Ly, and Ly,ax denotes
the lower and upper bound on the cable length, respectively.
Consequently, from the results in (41), the Lyapunov function
candidate can be upper and lower bounded by

Vx € D, (42)

where k; = 0.5[2. Amin(P) and k, = 0.5L2 Amax(P) are positive
constants, and Anin(P) is the smallest eigenvalue of P and Amax(f’)
is the largest eigenvalue of P.

It is concluded that the Lyapunov function V(x) in (42) is

positive definite and decrescent in the domain D.

killxll5 < V(x) < ka[Ix]13,

4.5. Exponential stability

The time derivative of V(x) along the trajectories of the solu-

tions of (33)-(34), denoted by V(x), is given by
V(x)=1? (d’x@ + <i5y¢y) (P11 — P12ka — p22ky)

— praky(dy + ¢7) — L*paka(d? + 67)

— ’ppwj (pusxey + dysycx) + *p1a (¢’f + ¢§)

+ (<i>x5ny + énySy) (mgL - szzzwg)

+ LLX"Px + Lmg(1 — cxcy). (43)
Insertion of (38), (39) and a)g = g/L into (43) gives

V(X) = —L’p1akp(¢7 + bp) — L (p22ka — p12) (67 + 4})

- L2p12w(2) (d’xsxcy + ¢y5ycx)

+ LIX"Px 4 Lmg(1 — cxcy). (44)
Since asine > 0 and cose > 0 when || < 7/2, it follows
that ¢.sx¢y, + ¢ycxsy > 0 anq p22kq — p12 > 0 in D. Then, if the
hoisting rate is bounded by [L| < y;, it follows from (42)-(43) that
LLx"Px+Lmg(1 —CxCy) < 2yik; ||x||§/L. Using these conditions and
Lnin < L, it follows that
V(x) < =12y, [Prko(d7 + 67) + (D22ka — p12) (67 + 7))

+ 2y1ka %113/ Lmin. (45)
which leads to

V(x) < —ksllxll3, YxeD, (46)

where k3 = L2, min{p12ky, p2akg — P12} — 2¥1kz /Lmin and

0 <y < L3, min{pioky, p22ka — p12}/(2k2). (47)

It follows that the equilibrium point of the closed-loop dynamics
(33)-(34) is exponentially stable in D when 0 < ¢ < kg and
0 < kp.
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4.6. Nonvanishing perturbations

In this section the effect of nonvanishing perturbations for
the exponentially stable system will be analyzed following the
presentation in Khalil (2002). The motivation for this is that a
bounded nonvanishing perturbation of the exponentially stable
system will give a system with bounded perturbations.

The desired tip accelerations and the desired hoisting rate are
written

kg :ux +gxa j}g :uy +gJ/s (48)
=g, L'=g (49)

where u, and u, are given by the Lyapunov controller (31)-
(32) and the terms g, gy, &, & are referred to as nonvanishing
perturbations.

Insertion of the control variables in (48)-(49) into the equa-
tions of motion (8)-(9) gives the closed-loop dynamics

. . 1 .
¢x+kd¢x+kp¢x+(l)gcy5x - ﬁ(gycx‘i‘gzsx_ZgL(pny) =0, (50)
y

by + kady + kpoy + wicisy
+ (8xCy + 8ySuSy — &:CxSy + 281y)/L = 0. (51)

This is referred to as the perturbed stabilized pendulum dy-
namics. The time derivative of V(x) along the trajectories of the
perturbed system (50)-(51) will then satisfy

V(x) < — k3||x||§ + ?(p12¢x + p22¢x)(gycx + gzsx_ZgL¢ny)

y
- L(p12¢y + p22¢y)(gxcy + 8ySxSy — 8zCxSy + 2gL¢y)7
= - k3||x||§ + ax8x + aygy + o8, + 181, (52)

where
ax = —Ley(pragy + P2ady)s

. Lc .
oy = _Lsxsy(P12¢y + p22¢y) + *X(pu(ﬁx + D22dx),
Gy

. Ls .
a; = Leysy(prady + p229y) + TX(P12¢X + P229x),
y

ap = —2L((pr2y + P22dy)dy + (D126 + D22 )by -

It is assumed that the perturbations (g, g, &;, &) are uniformly
bounded according to [g(t) < . Ig(0)] < v. |&(t) < V.
lg(®)l < 7, 0 <y < L3, min{piakp, poka — p12}/(2k2) and
y. < y/¢ ¥Vt > 0 where the property in (47) has been used
and ¢ is defined in (35). The time derivative of V(x) along the
trajectories of the solutions of (50)-(51) can then be expressed
as

V(x) < —ks|Ix|l3 + ya, (53)

where o = oy + ) + o, + «;/¢. The scalars oy, ay, o, and o
satisfy

ax <Lmax(P12l¢y| + P22ldy|),

. Lma(Pr2le + p22ldxl)
C1
+ Lmax(p]2|¢x| +p22|¢x|)
C1 ’
ap <28 Lmax (P12l¢x] + P22ld] + P12 ldy| + P22ldyl)
where it is used that ¢; = cos (/2 —98) < ¢y, | < 1, gyl < 1,
|Sx| <1 |Sx5y| <1, |sty| <1, L < Lpax and |¢]| << fOl‘j =X).
These properties are valid for all x € D. It is clear that

o < 2lmax(€1+ DPralyl + Palil)
< -

oy fLmax(p12|¢y| + p22|¢y|)

)

o7 <Lmax(P12lohy| + P22ldbyl)

+ 5Lmax(P12l¢hy| + P22y ),
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< kalX]l2, (54)

where k4 = @%\/(4(61 + 1)2 + 25¢2)(p2, + p3,). Given that 0 <
6 < 1, the time derivative of V(x) along the trajectories of the

solutions of (50)-(51) satisfies
V(x) < —ks|XII3 + kay %12,
< — (-0 ks|xl3, VIIxll2 > yka/Oks. (55)

This shows that ¥ will be ultimately bounded in the presence of
nonvanishing perturbations. The solution of the perturbed system
(50)-(51) satisfies

[&(0)ll2 < ke™[|%(0)[l2, YVt <T, (56)
and
lx(t)l2 <b, Vt=>T, (57)

for some finite T, where k = /ky/k1, ¢ = (1 — 0)ks/(2k,) and
b = kayk/(ks6).

5. Nonlinear MPC
5.1. Nonlinear MPC controller

In this section an NMPC is designed for the perturbed stabi-
lized pendulum dynamics (50)-(51). The goal of the controller is
to make the crane tip can follow a desired position trajectory. This
is done by using the perturbation vector

v=[w" g]', w=[s & & (58)

as control variables in the NMPC controller to control the position
(X0, Yo, zo) of the suspension point, and the cable length L.

The system dynamics to be controlled by the NMPC is given
by the perturbed stabilized pendulum dynamics (50)-(51), where
the pendulum dynamics are stabilized by the Lyapunov controller
(31)-(32). The resulting dynamics of the system controlled by the
NMPC are

L(kagpy + kpoby) — LeySy 2 — uysysy

Xo=gu+ (59)
. Cy . .
.. Ley(kapx + kpx) + 2Lsypuepy — g5x52
Yo=28 — . L, (60)
X
20 :gZ, l‘,:g’_7 (61)

b = —kapy — kpd)x - a)éCny +7L(gycx+gzsx_2gL¢xcy)s (62)
y

by = —kapy — kppy — wicysy
— (8uCy + 8ySxSy — Z2CxSy + 281y)/L. (63)
The state vector is defined as
Z=1[X % Yo Jo Z0 Z0 L ¢x &« &y 1" (64)

and the control vector is given by (58). The NMPC problem can
then be written

2(t) = f(z(t), v(t)), 2(0) = zo, (65)
p(t) e U, Vt > 0and z(t) e X, Vt >0, (66)
U={vllgl <. lgl<v gl <y &l <n}, (67)
X= {Z | Liin <L < Lmax} . (68)

where f is given by (59)-(63). The NMPC samples the state
z, = z(tg) at a time t;, then it predicts the future response
of the system (65). The optimal control vector v is determined
by minimizing an open-loop objective function over a prediction
horizon T, (Findeisen & Allgéwer, 2002; Griine & Pannek, 2013).
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This process is repeated at the next sample of t;,;, and a new
control vector vy, is calculated. We denote the internal state
and control vector in the NMPC by a bar (for example z, v),
to distinguish them from the variables in the real system in
(65). The system in (65) is described in continuous-time, while
the required formulation for the NMPC controller is discrete-
time (Mayne et al., 2000). The discrete-time model of (65) driven
by the input v, is

fk+1 =fk(2k, I_Jk), 20 = Z(f), k=0,...,.M—1, (69)

where M = T, /h is the number of prediction steps, h is the time
step and T, is the prediction horizon. The discrete-time model
was obtained by using a repeated application of Euler’s method as
described in Mills et al. (2009) and Tysse and Egeland (2019). The
control problem described above is mathematically formulated as
follows:

M—-1 M-1
min (Z 1Zk—2/ 13 + D 19— it ||,%> : (70)
k
k=0 k=1

subject to zg = z(t), Zgr1 = fi(Zk, Vi), 2+ = z:(t), v, € U and
zZy e Xfork=0,...,M—1.Here,z, =[x % Y Vr Zr 2+ L;
0 0 0 0]" is the time-varying state reference. The weight matri-
ces are

delag(QX7 ka anQ}'/s QZ? Qés QL707 05 07 0)7 (71)
R = diag(Ry, Ry, R;, Ry). (72)

The weight matrix Q penalizes the deviations of the actual cable
length, suspension point position and velocity from the desired
cable length, suspension point position and velocity. The weight
matrix R penalizes changes in the future manipulated control
inputs v. The internal states {z1, ..., Zy} are the results of (69)
steered by the control inputs v(-; z(t)) = {vo, ..., Vy_1} : [t, t +
T,] — U with the initial state z(t). The closed-loop control v is
defined by the optimal control vector v*(-; z(t)) that minimizes
the cost function J (z(t), v(-)) in (70). The optimal control vector
is recalculated at each sampling instant 7. In the simulation study,
the NMPC was implemented with the MATLAB function fmincon
with an SQP algorithm, while in the experiment the NMPC was
implemented in C++ using CasADi (Andersson et al., 2019). The
optimization problem was solved by the NLP solver IPOPT, which
is an interior point method interfaced with CasADi (Wachter &
Biegler, 2006). A block diagram of the controller presented is
given in Fig. 2.

5.2. Overall stability analysis

The overall stability of the system is analyzed in this section.
The system is controlled with partial feedback linearization with
input generalized forces given by (16), where the transformed
control vector v is given by (19). The resulting dynamic model of
crane and the crane payload is given by (20) and (21). It is noted
that the dynamics (20) of the unactuated part is a perturbation
of (22).

The desired acceleration of the crane tip is set to jid =u++w
where u = [uy, uy, 0]" where u, and uy is the control input from
the Lyapunov-based controller, which is given by (31) and (32).
The control input from the NMPC is v = [w", g;]7 where w con-
trols the crane tip and g; controls the hoisting rate. Consider first
the case where w = 0. Then (22) with jid = u is exponentially
stable at [}, ]]" = [0, 0"]" as shown in Section 4.5. Since (20)
is a perturbation of (22) which is Lipschitz in the inputs y and
y, it follows that (20) will be input-to-state stable (Khalil, 2002,
p. 176), and the cascaded system (20)-(21) will be exponentially
stable (Khalil, 2002, p. 537).
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---- Lower samp. rate| Plant with stabilized

— Higher samp. rate| pendulum dynamics Plant
- NMPC Partial FB Crane
_____ vy oy linearization — and
i al inearization payload
contr.
v q1,41
I
1
i = a2, q2
b Lyapunov
i =
i ' controller
1
I :
b ~ q1,41, L
i v/
: .
: &t Kinematics

Fig. 2. Block diagram of the control system. The Lyapunov controller stabilizes
the system dynamics at a high sampling frequency, and the NMPC controls the
stabilized system at a slower sampling frequency. The stabilization of the system
with the Lyapunov controller reduces the complexity of the NMPC design and
implementation.

Consider then the case ¢ = u+w where v = [w", g;]"T € U and
U is defined in (68). Then the control input w will be a uniformly
bounded nonvanishing perturbation to the exponentially stable
system (20)-(21) and the control input v will be a uniformly
bounded nonvanishing perturbation to the exponentially stable
pendulum system (33)-(34). It follows that the reference z, to
the NMPC will be tracked with uniformly bounded deviations in

q, and q,.
5.3. Implementation issues

The actuators of an industrial knuckle boom crane will be
controlled by velocity controllers, so it may not be possible to
implement partial feedback linearization. An approximate solu-
tion is to use the velocity loops as in Rauscher et al. (2018).
Then the commanded accelerations are integrated to commanded
velocities. The velocity loops are given by

Wy = Uy + &, lby = Uy +gy7 w, = 8z, (73)
.. 1 . .. 1 .
Xo = T—v(wX —X), Yo= Tv(wz —Yo)s (74)
1
Zo= — — 2p). 75
0 Tu( z 0) ( )

The bandwidth 1/T, of the velocity loop must be significantly
faster than the bandwidth of the combined NMPC and Lyapunov-
based damping controller. This solution worked well in simula-
tions and experiments on a laboratory crane.

6. Simulation and experiments
6.1. Simulation study

The performance of the proposed control system was in-
vestigated in a simulation study. The desired reference path
(X, ¥r, zr, L) used in the simulation study is shown in Fig. 3(a).
In the figure it is shown that the reference path of the sus-
pension point was close to a circular helix segment with a
90° rotation about the z axis of the crane base, a radius of
approximately 2 m and a pitch of approximately —2.4 m/rad. The
reference path is initialized at (x;, y;, z;, L1), then the payload is
hoisted to (x;, yi, zi, Lo), then it follows a circular helix motion to
(X, ¥r, zr, L), and at final the payload is lowered to (xf, yf, zs, L1).
The path parameters x;, ..., L, are given in Table 2.

In Fig. 3(b) the reference input z, is shown. The trajectory
for the suspension point is a piece-wise linear approximation
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Table 1
Control parameters used in simulation and experiments. Q; denotes the elements
of the state weight matrix Q.

Term Value Term Value Term Value
T, 0.1s kp 1 M 4
h 0.2s kq 2 Q; 1
T 0.4s
Table 2
Parameters used in simulation and experiments.
Term Simulation Experiments
(xi, Vi, zi) (1.7,1.02, —0.4) m (1.7,1.02, —1.0) m
(X7, yr5., %) (—1.02,1.7, —1.0) m (0.5, 19 —1.0) m
(Iyels 1vD) (0.2ms™ !, 0.2ms™?) (Oms~', 0.1ms2)
(Ly, L) (1.7, 1.05)m (1.05, 105)
( mm»Lmax) (1.05,1.7)m (1.05,1.05)m
(64(0), $,(0)) (10°, —10°)
Position profile
— I,
— U
2
— L,
11 26 295 40

Velocity profile
— &,
— U
— 2
— L,
11 26 29.5 40
Acceleration profile

N

0 3.5 11 26 29.5 40

Time t

(a) The path of the reference
(r,Yr, 2, L) for the suspen-
sion point (zo, Yo, 20) and cable

(b) The reference input z, used
in the simulation study. Posi-
tion (xy,Yr, 2r, L) given in m,
velocity (r, Yr, Zr, LT) given in
m/s and acceleration (Z,, ¥r, Z,)
profiles given in m/s“ are shown.

length L, where p; = (x4, yi, 2i)
and py = (xf,yy,z5) denotes
the initial and final reference
point for the suspension point,
respectively.

Fig. 3. Path and trajectory for the reference input.

of the helix segment and is based on linear interpolation with
parabolic blends (application of the trapezoidal velocity profile
to the interpolation problem) for a path with via-points (Siciliano
et al., 2008).

The path and control parameters are given in Tables 1 and
2. The control inputs (uy, u,) and (g, &) from the Lyapunov-
based controller and NMPC, respectively, are shown in Fig. 5. The
sampling rate was 100 Hz for the Lyapunov controller and 2.5 Hz
for the NMPC. .

The resulting velocity inputs (X, Yo, Zo, L) in (74)-(75) and
(49) are shown in Fig. 4. The velocities in the horizontal plane,
Xo and yo, were aggressive in the time interval 0 < t < 4.6 s
as a consequence of non-zero initial pendulum oscillations. After
approximately 40 s, the velocity inputs (g, yo, Z9, L) converged
to zero. The actual (xq, yo, z0, L) and desired (x;, y;, z;, L;) trajec-
tories of the suspension point and cable length are illustrated in
Fig. 6(a). The actual suspension point in the horizontal plane, xq
and yq, deviated from its reference in the time interval 0 < t <
11 s as a consequence of non-zero initial pendulum oscillations.
Otherwise, there were only small deviations between the actual
and desired reference trajectories for the suspension point po-
sition and cable length. These deviations were mainly due to a
time delay effect due to the sampling time 7 of the nonlinear
MPC controller, which lead to a slight delay between actual and
desired trajectory. It is also worth noting that the commanded
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0.3 ‘*fbo —g0 —4 —L L
B (DA 4}

0 o
—-0.2

04.6 11 26 29.5 40

Time ¢

Fig. 4. The velocities (Xo, Yo, 2o, L) in (74)-(75) and (49) generated from the
simulation study. The velocities are given in m/s.

L0 — Uy 0.2
—u,

—0.2
046 11

T 046 11

26 29.5 40

. 26 29.5 40
Time ¢t °

Time ¢t
(a) The control input (ug,uy)
from the Lyapunov-based con-
troller.

(b) The control input (ge,gy)
from the NMPC.

Fig. 5. The desired acceleration 3¢ of the crane tip in (23) from the simulation
study. The control inputs are given in m/s%.

1.7 0 —
1 iy
15
0 -15
0.4
1
046 11 2629.5 40 —10
Time ¢ 046 11 2629.5 40
Time ¢

(a) The actual (zo,yo0,z0,L)
and desired (z,,yr, zr, L,) tra-  (b) The resulting pendulum os-
jectory given in m. The de- cillation angles (¢4, ¢y) given in
sired trajectory is represented as deg.

dashed lines.

Fig. 6. The pendulum oscillation angles and the actual and desired trajectories
from the simulation study.

hoisting rate [ and cable length L were kept within their bounds
throughout the simulation study.

The pendulum oscillation angles (¢x, ¢) are illustrated in
Fig. 6(b). After time t = 4.6 s, it is seen that the pendulum oscil-
lations angles were bounded by 4-1.5° throughout the simulation
study. Although the reference trajectory was non-stationary in
the time interval 11 < t < 29.5 s, the pendulum oscillation
angles were still oscillating within £1.5°. After time t = 40 s, the
pendulum oscillation angles converged to zero due to stationary
reference trajectory.

The simulation study demonstrated that the control system
performed as intended with bounded pendulum oscillations while
the suspension point and the cable length were tracking a desired
reference trajectory.

6.2. Experimental validation

The performance of the proposed control system was further
studied in experiments. The experimental setup was based on a
specially designed scaled-down laboratory version of a knuckle
boom crane with realistic geometry of the payload (Fig. 1(b)).
The pendulum oscillation angles and rates were obtained by using
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017 9 21.3 28 36 0

Time ¢

(a) Results from the study with
zero initial pendulum oscillation
angles.

85 15 25.6 45
Time ¢

(b) Results from the study with
non-zero initial pendulum oscil-
lation angles.

Fig. 7. The velocity (Xo, yo) in the horizontal plane given in (74) generated from
the experimental study. The velocities are given in m/s.

a vision-based sensor system consisted of three consumer-grade
web cameras, in combination with an extended Kalman filter. The
crane was driven by one servo motor and two electro-mechanical
cylinders (EMCs) driven by servo motors. All servo motors were
equipped with encoders for measuring angles and angular veloc-
ities. Detailed explanation of the experimental setup is described
in Tysse et al. (2021). The external control system of the test-bed
was implemented using ROS (Robot Operating System) (Quigley
et al.,, 2009) and the ROS Control framework (Chitta et al., 2017).

In the experiment, the position reference for the crane tip
was in the horizontal plane, and the control variables (Zp, L) =
(0, 0) were not used due to limited space and lack of winch. The
experiment resembled a realistic hoisting operation where the
reference trajectory (x,, yr) was represented as a slewing motion
of 45° from an initial pick up site (x;, y;) to a landing site (x;, ys),
then followed by a slewing motion of —45° back to initial pick
up site. The path and control parameters are given in Tables 1
and 2. The control inputs u and w from the Lyapunov-based
controller and the NMPC, respectively, are shown in Figs. 10 and
11. The sampling rate was approximately 50 Hz for the Lyapunov
controller and 2.5 Hz for the NMPC.

Two different initial pendulum oscillation cases were consid-
ered in the experiments. In the first run the initial conditions
of the pendulum oscillation states were at the origin (¢x, ¢y, by,
d)y) = (0,0,0,0). In the second run the initial states were
(x> Py, (ibx,'¢y) = (8°, —8°, 0, 0). The experiments demonstrated
that the control system performed as planned with bounded
pendulum oscillations, while the suspension point was tracking
the reference trajectory in the horizontal plane. The practical
application of the results indicates the potential of reducing risk
and execution time in crane operations. In addition there could be
potential of reducing stress on the crane structure and crane base
which could arise from large pendulum oscillations of heavier
payload.

6.3. Experiment with zero initial pendulum angles

An experimental study was performed with zero initial pendu-
lum oscillation angles (¢, ¢y) = (0, 0). The resulting commanded
velocities (o, yo) in (74), are shown in Fig. 7(a). The velocities
were zero until the starting time at 1.7 s of the trajectory, and
converged to zero after 36 s. The commanded suspension point
velocity (%o, yo) in the horizontal plane was smooth throughout
the experiment.

The actual (xo, ¥o) and desired (x;, y; ) trajectory of the suspen-
sion point in the horizontal plane are illustrated in Fig. 8(a). As
seen in the figure, the actual suspension point was close to the
reference with a small time delay. Compared to the simulation
study in Chapter 6, the experimental results had a larger time
delay between the actual and desired suspension point position.
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1.9
1.7

0.5 L=

21.3 28 36 0 8515 256 45
Time ¢ Time ¢
(a) Results from the study with  (b) Results from the study with

zero initial pendulum oscillation non-zero initial pendulum oscil-
angles. lation angles.

Fig. 8. The actual (xo, yo) and desired (x,, y,) suspension point trajectories in the
horizontal plane generated from the experimental study. The desired trajectory
is represented as dashed lines and the trajectories are given in m.

2 8
*Qﬁz *Qﬁz
1 — &y ) — &y
0 0
-2
-1
) -8
017 9 21.3 28 36 0 8515 256 45
Time ¢ Time ¢

(a) Results from the study with
zero initial pendulum oscillation
angles.

(b) Results from the study with
non-zero initial pendulum oscil-
lation angles.

Fig. 9. The resulting pendulum oscillation angles (¢x, ¢,) generated from the
experimental study. The angles are given in deg.

0.1 0.1

— 9z
— 9y

0 0
—0.1 —0.1
017 9 21.3 28 36 01.7 9 21.3 28 36
Time ¢ Time ¢

(a) The control input w from the
Lyapunov-based controller.

(b) The control input w from the
NMPC.

Fig. 10. The desired acceleration jid of the crane tip in (23) from the experi-
mental study with zero initial pendulum oscillation angles. The control inputs
are given in m/s?.

0 8515 256
Time ¢

8515 25.6 45
Time ¢

(a) The control input u from the
Lyapunov-based controller.

(b) The control input w from the
NMPC.

Fig. 11. The desired acceleration ¢ of the crane tip in (23) from the experimen-

tal study with non-zero initial pendulum oscillation angles. The control inputs
are given in m/s?.

The reason for this is the time delay in the communication and

the slower response of the knuckle boom crane.
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The resulting pendulum angles (¢x, ¢,) are shown in Fig. 9(a).
The pendulum angles were zero until the starting time 1.7 s of
the commanded motion, and converged to zero after t =36s.
In the time interval 1.7 < t < 28 s, the pendulum angles
were oscillating because the suspension point was following a
moving trajectory in this interval. Throughout the experiment,
the pendulum angles were limited to £2°.

6.4. Experiment with non-zero initial pendulum angles

An experiment was performed with initial pendulum angles
(¢x, ¢y) ~ (8°, —8°). The commanded velocities (Xo, yo) in (74),
are shown in Fig. 7(b). Compared to the velocity in Section 6.3,
the velocity in this case was oscillating in the interval 0 < t <
25 s due to the non-zero initial pendulum angles. In the time
interval t > 25 s the velocities in both experimental studies were
approximately the same.

The actual (xo, yo) and desired (x,, y,) trajectories of the sus-
pension point are illustrated in Fig. 8(b). Compared to the tra-
jectory (xo, yo) in Section 6.3, the trajectory in this case was
deviating from the reference in the interval 0 < t < 8.5 s due
to initial pendulum rotations which caused the control variables
(ux, uy) to be more dominating than the perturbations (g, gy). In
the time interval t > 8.5 s the trajectories in both studies were
approximately the same.

The resulting pendulum angles are shown in Fig. 9(b). The
pendulum was oscillating with angles less than +2° after 15 s.
After 15 s the pendulum rotations in both experimental studies
were approximately the same, and converged to zero after 45 s.
It is worth noting that the pendulum angles were damped out
slower than in the simulation in Chapter 6 due to time delay
in the communication and slower response of the knuckle boom
crane.

7. Conclusions

A controller has been designed for the control of the crane
payload position using a Lyapunov-based pendulum damping
controller which stabilizes the pendulum dynamics, and an NMPC
position controller which is designed for the stabilized dynamics.
The Lyapunov-based controller was designed to be exponentially
stable, so that the pendulum motion state would be ultimately
bounded in the presence of bounded perturbations. Then the
position of the crane tip and cable length were controlled us-
ing NMPC where the control variables appear as the bounded
perturbations for the Lyapunov-based controller, which made
it possible to constrain the perturbations by constraining the
control variables of the NMPC. The performance of the controller
was demonstrated in a simulation study and in experiments. The
simulated operation was conducted by first lifting the payload by
decreasing the cable length, then followed by a movement of the
suspension point by a circular helix motion of 90° with radius
2m and pitch —2.4mrad~!, and at last the payload was lowered
by increasing the cable length. The experimental operation was
conducted by a slewing motion of 45°, then followed by a slewing
motion of —45° back to the initial position. The radius of the
slewing motion was 2 m. Both the simulated and experimental
operation was executed in approximately 30s. In the simulation,
the pendulum oscillation angles were bounded within +1.5°
while the suspension point and cable length were following a
reference trajectory. The pendulum motions converged to zero
when the crane tip and cable length reached their final static
desired reference. In the experiments the pendulum oscillation
angles were bounded within +2° after 15s and while the sus-
pension point was following a reference trajectory. The pendulum
motions converged to zero when the crane tip reached its final
static desired reference.
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