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Abstract. The present study introduces a coupled contactless control
approach for managing both translational and torsional motions of a
suspended load. This method utilizes magnet-to-magnet interactions
between two pairs of magnetic dipoles, with translational motion con-
trolled by adjusting the polarity and intensity of the electromagnetic
actuator, and torsional motion regulated through the orientation of the
external magnetic field. The results demonstrate effective motion dissipa-
tion in response to external excitations and non-trivial initial conditions.
Key control parameters include the initial distance between interacting
magnets and the ability of translational control to counteract the attrac-
tive forces generated by torsional torque. The proposed magnetic control
method presents a promising foundation for non-contact position control
in offshore wind turbine installations.

Keywords: Magnetic control -+ Magnetic dipole + PID control - Active
vibration control - Offshore wind turbine installation

1 Introduction

The ever-increasing energy demands have driven the growth in wind turbine
generator (WTG) size and capacity, necessitating installations in deeper waters.
These installations are conducted by floating vessels operating on dynamic posi-
tioning. Despite their greater lifting capacities, these vessels are highly suscep-
tible to wave-induced oscillations in the crane-payload system. Controlling the
motion of suspended loads is critical for operational safety and efficiency. Various
motion compensation techniques have been employed over the years. While vari-
ous compensation methods, such as active tugger lines [8], gripper frames [5], and
crane motion compensators are available [6,7], they rely on mechanical attach-
ments and human intervention. This fact, coupled with the small error tolerances
required and the limited workability windows available for the operations, fur-
ther highlights the paucity of research for a non-contact motion compensation
technique for WT'G installation.
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The proposed technique is based on the magnet-to-magnet interaction
between the component and electromagnetic actuators, involving both attractive
and repulsive forces. To demonstrate the concept, a small-scale pendulum ana-
logue is modelled and analysed, investigating the controllability of a two-degree-
of-freedom dynamical system. The system’s vibrational modes, which pertain to
the translational and torsional modes of motion of the payload, significantly
affect the accuracy of the WTG assembly. The aim of the control is to attenu-
ate the effects of a prescribed pivot point motion and initial conditions and to
maintain a desired fixed position.

This paper first introduces the dynamical system, emphasizing the magnetic
coupling. Then, the control design is presented with a focus on stability require-
ments. Finally, the controlled response of the system is demonstrated for selected
initial conditions and external disturbances. Special attention is given to the
efficiency of the combined control and its impact on the system’s dynamical
behaviour, including the nonlinear coupling effects from magnetic interactions.

2 Methodology

2.1 Governing Equations of a Controlled Planar Torsional Magnetic
Pendulum

A small-scale simple pendulum analogue with length ¢ is augmented with a
cylindrical mass M that is free to rotate around its shaft (longitudinal axis). The
coupled model is illustrated in Fig. 1, while the dimensions and properties of the
system are given by Table 1. In principle, the set-up integrates the two SDOF
systems reported in previous work [1,2]. The control design requires the action of
two separate electromagnetic actuators: one controlling the rotation of the mass
in xz-plane (translation) and the other in zy-plane (torsional rotation). In the
envisioned practical application, the suspended mass is an elongated cylindrical
structure (e.g., an OWT monopile foundation). Such geometry allows for an
advantageous placement of contactless control points at different heights along its
length on one side of the load, ideally on the floating vessel’s deck. For simplicity,
in this study of the combined control, two permanent magnets are attached to
opposite sides of the cylindrical mass, represented by magnetic dipoles.

Table 1. Set-up parameters of the dynamic 2DOF system.

M [kg]¢ [m] R [mm]7 [mm]ks [Nmm/°]I, [kg mm?] f,, [Hz]
0.2 1.0 20.0 2.0 50 36.2 [0.5, 4.2]

Potential interactions between the magnetic fields of the mounted dipoles or
direct interference from one actuator affecting the field of the other as expe-
rienced by the targeted fixed magnet are neglected in the current analysis, as
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Translational Actuator Rotational Actuator

(a) zz-plane (b) zy-plane

Fig. 1. Schematic of the pendulum set-up for the combined control of its translational
and torsional degree of freedom.

such interactions would not occur in practical applications, due to adequate sep-
aration distance between the control points and respective actuators (along the
structure’s z-axis). Note that the suspended load is adequately small to be con-
sidered a point mass in the derivations. The motion of the pivot is described by
h = Ay sin (2t).

Two electromagnetic actuators are placed at a fixed distance on either side
of the load, d; for the translational and d; for the torsional controller. I, is the
moment of inertia of the mass around the z-axis, and k, is analogous to the
stiffness provided by the suspension cable and experienced by the mass rotating
in this direction (Fig. 1b).

The equations of motion of this two-degree-system are the following [3,4]:

MOy + Mgty = —Mhl + T, (1a)
Iz€£+ks¢ = Tfa (lb)

where the external magnetic torques are equal to

T, = __8;[1/; (2a)
oW,
Ty = e (2b)

Wy, is the contribution of the pairs of interacting magnetic dipoles to the poten-
tial energy of the system and is equal to

Wm = chn : Env (3)

in which B,, is the magnetic field exerted by the EM (ii,) to the location of the
respective PM on the cylindrical point mass (1., ), where the general subscript
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notation n is either ¢ for the translational or f for the torsional control. The
magnetic field vector B,, reads

~ = My, - 8,

B, = -fogln on (4)

- 3
4T sy

in which, §,, denotes the vector representing the separation distance between
the two dipoles (see Fig. 1b). The magnitude of s,, is calculated by the following
norm: B .

sn = [P — Penl, (5)

with the coordinates of the magnetic dipoles given by

. in(R+dy) . Csin (¢¥) + h Rsin (¢)
P, = 0 and P,, = 0 +in |Rcos(9) ], (6)
14 £cos () 0
with i, = —1or + 1 for the translational and the rotational control, respectively.

Referring to Fig.1b, the vectors representing the four magnetic dipole
moments are given by

1 cos (¢)
mt = Mt 0 and T?Lct = *Mct sin (¢) (7)
0 0

for the translational control, and

cos (0) cos (@)
T?Lf = Mf sin (9) and mcf = Mcf sin (d)) (8)
0 0

for the torsional control, where 6 is the orientation angle of the torsional actua-
tor’s magnetic field.

The magnetic potential energy W, is a nonlinear trigonometric expression.
In order to analyse the dynamics of the coupling, the trigonometric terms of ¢
and i are replaced by their corresponding Taylor series expansions up to the
second order around the equilibrium points ¢ = ¢ = (°. The contribution from
the magnetic interaction can then be concisely rewritten as:

Wm = _Kmlw'i_szd)"'_ng ’(/}2+Km4 ¢2+Km5 1/1¢+Ca (9)
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with the coefficients:

MctMt,UfO MchfﬂJO
Ko, = 0 1
=3 <27r(dt = h  an(dy = pyr <) (10)
M s My, .
g = ﬁ(:ﬂ% +ds — h)sin () (10b)
MeMypo Moy Mypo
Ko, = 367 - 0 1
2 =3 (ﬂ'(dt hy  wd —nyp 0 (10c)
M.y M
ma = ﬁ ((ds — h)2 + 6R% + 6Rd; — 6Rh) cos (0) (10d)
=
Mc M Ho
e A (dtt +th)4 (3R+d; +h)
Mchf,LLO .
Ko, = 30— 20H0_(y —h 1
. 3€<47r(df_h)5(R+df )8111(0)) (10e)
My My g M s Mo
S e Ll et o 10f
O = " ontay = hyp )+ ST 1) (10f)

The magnetic interaction couples the two degrees of freedom v and ¢,
through the coupling term K, in the magnetic potential energy contribution
(Equation (9)). Specifically, the external torques introduce magnetically induced
stiffness-like terms, which interconnect the equations of motion through stiffness.
The coupling is exclusively attributed to torsion, as K,,, contains important

parameters of the torsional control. After substitution of the relations above,
the magnetic torques in Equation (1), are given by

Ty = +Kp, — 2Kmyt) — Kb (11a)
Tf = —Kpy — 2K, ¢ — Ko . (11b)

2.2 Control Strategy

The translational vibrations are controlled by adjusting the strength and polarity
of the dipole M, while the orientation of the magnetic field of M; is used
to control the torsional rotation of the cylinder. In Equation (11b), the terms
K, and K, serve as the controlled external forces acting on the system. The
magnetic strength of the translational controller is governed by a proportional-
derivative (PD) control equation, expressed as

M, = Kye+ Kgé, withe = & — 4 — h, (12)

where the control gains are constant values with K, K; > 0, and £ represents the
desired translational motion. The control rule for the torsional mode is defined by

0 = Aftanh (8¢), with Af = const., (13)

where A6 is the fluctuation step for the orientation of the magnetic actuator 6.
Moreover, the parameter 3 controls the steepness of the transition between the
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values around zero. As (3 approaches infinity, the control function converges to
the standard sgn(..) function, while still providing a smooth and differentiable
approximation.

2.3 Stability Requirements

To ensure a stable response, a condition concerning the magnetic strength M,
of the translational actuator must be satisfied. This condition directly affects
the stability of the controlled dynamical system. Instability is undesirable as it
results in an increasing amplitude of the response, which, within the proposed
control scheme, can reduce the separation distance between the magnets. Such
a reduction could potentially lead to “failure” of the control, as one of the pairs
of magnetic dipoles may yield to the attracting forces and stick to each other.

Inspecting K, as given by Equation (10a), two distinct torque actions are
observed: one direct, exerted by the translational controller, and another indi-
rect, generated by the horizontal components of the attractive force between the
magnetic dipoles of the torsional controller. For an effective controlled response,
the translational controller should counteract the additional torque around the
pivot point induced by the torsional control. It is important to note that the
translational control torque does not directly influence the motion in the xy-
plane, except for the excitation amplitude at the pivot, as outlined in Equation
(10Db).

Therefore, it is suspected that the time trace of M; will have a non-zero
average value M, around which the translational control variable will fluctuate
with respect to the error and suspension motion. The amplitude of M;, arises
from the main prerequisite for the stability of the system, neutralizing the torque
generated by My in Equation (10b) , which yields

(d¢ + h)°

M,
Ky, =0 — —to — { .
,=0 cos (0) (d;—hy

(14)

3 Control of Translational and Torsional Vibrations

The control mode of interest pertains to the motion attenuation of the transla-
tional and torsional vibrations while subjected to an external excitation of its
pivot and non-trivial initial conditions. The desired position of the suspended
load is chosen ¢ = ¢ = (. The parameters of the controlled system are presented
in Table 2.

Table 2. System parameters for the combined controlled vibrations.

My M., [A* m*]| Me, [A m®|ds [mm] dy [mm] Ay [mm] fi [Hz] o [] o [°/s]
5 -1 30, 40, 50] [30, 40, 50] 5 06 20 0
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For translational control, the PD controller’s gains are determined heuris-
tically to minimize error and enhance the controller’s response. Thus, in this
exemplary case, the proportional gain is set as K, = 3 - 10* Am and the deriva-
tive gain as Ky = 30 A ms. Provided that the desired equilibrium of the torsional
motion coincides with the intrinsic equilibrium of the system, the control rule
given in Equation (13) becomes

0 = Aftanh (6¢), (15)

with the steepness coefficient 3 = 1 and the orientation alteration step
Af = 5. Both controllers are activated at ¢, = 2 s from the start of the
simulation. This delay may lead to a more intricate transient response, aligning
with the real application where vibrations would be present before the controllers
are activated.

Uncontrolled ---------- Desired 20 Uncontrolled ---------- Desired
4 |
¥ | = w
B ook o S _— S N AN AN AN NN AN AN MMX /NP W S N A
2 W‘ © , w}\)/ AR
sy " !
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Fig. 2. Combined control efficiency metrics for motion attenuation. (a) Controlled
response for translational vibrations. (b) Controlled response for torsional vibrations.
(c) Effective actuation torque T} for the translational control. (d) Effective actuation
torque T for the torsional control.
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Figure 2 displays the controlled (solid lines), desired (dotted line) and uncon-
trolled responses of the system (dashed line). More specifically, Fig. 2a demon-
strates the effectiveness of the PD translational controller, achieving minimal
steady-state error and a quick, smooth transient response, as indicated by the
displacement and velocity time series. The different distances affect the strength
of the magnetically induced damping, with d = 30 mm exhibiting the fastest dis-
sipation. Notably, the control variable M;, after successful translational control,
settles at M, = —M,, = —Mj, as predicted by Equation (14).

The controlled response of the torsional degree of freedom is depicted in
Fig. 2b. In this case, the attenuation of motion is more gradual than in the trans-
lational response, displaying a damping mechanism similar to Coulomb friction,
which is evident by the linear decay of the oscillations. To reduce the duration of
the decay, an electromagnet strength My should be increased. Alternatively, the
closer proximity of the two interacting dipoles yields similar favourable results
(Fig. 2b).

On a general note, the different frequencies of the oscillation observed in the
steady-state responses of the two degrees of freedom reflect the natural frequen-
cies of the uncontrolled system.

In Figs. 2c and 2d, the two control torques exerted on the load are presented.
The torque time series resembles the shape of the translational displacement and
torsional angle time series. The highest amplitudes are observed for the trans-
lational torque T3, whereas the torsional torque exhibits higher variation in the
steady-state. Interestingly, the range of the translational torque is twice that of
the torsional torque, highlighting the difference in control demands between the
two degrees of freedom.

4 Conclusions

In the present paper, the combined control of two key degrees of freedom (trans-
lation and torsion) is analysed. The coupling presented due to the simultaneous
action of the two actuators is reflected in the additional magnetically-induced
stiffness terms in the equations of motion of the system. The mean amplitude
of the translational control is dictated by the chosen amplitude of the torsional
actuator dipole that is necessary to counteract the attraction forces exerted by
the torsional dipole arrangement on the suspended load.

A combined control approach is evaluated for the mode of disturbance rejec-
tion for both translational and torsional motions. The controllers perform effec-
tively, significantly reducing vibrations, with the translational response showing
a rapid transition to the target steady state. The success of the combined con-
trol lies primarily in the precise motion control applied by the translational actu-
ator, which determines the separation distance of the torsional dipoles, which is a
critical factor in achieving efficient torsional control. The performance of the tor-
sional controller can be further optimised by modifying the separation distance,
magnetic strength, and orientation step of the external magnetic dipole.

In short, the contactless control succeeds in maintaining a desired fixed posi-
tion while mitigating the motion of the magnetic pendulum imposed by external
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pivot disturbance. The findings of this work underline the potential for the fur-
ther advancement of this contactless motion control technique, and the eventual
design of a more intricate multi-degree control algorithm for offshore applica-
tions.
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