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Abstract

This paper deals with the feedback control of a rotary
crane. The goal is to design a control system that assists
the operator to move the cargo without oscillations and
correctly align the cargo at the final position. This is ac-
complished with a weakly coupled pair of state feedback
controllers with a nonlinear compensator.

1 Introduction

Rotary cranes are widely used as deck cranes on cargo
vessels, usually manually operated by local harbor oper-
ators with different skill levels. Therefore, it is desirable
to facilitate the crane operation for reasons of economy
and safety of the operation. A complete automation of
these types of cranes is difficult as it would require in-
formation on where to load and unload the cargo, a task
that is usually performed by the operator. In [3, 4] such
an approach is taken where initial and terminal condi-
tions are given and an optimal controller is used to make
the transfer. Our approach is to keep the operator but
let him control the motion of the cargo instead of control-
ling the crane motors. This can be realized by a nonlinear
feedback changing the dynamics in order to assist the op-
erator.
The paper is organized as follows. In Sec. 2 we establish

a dynamic model for a rotary crane with a point mass
suspended with a wire. In Sec. 3 the control design is
outlined and Sec. 4 deals with leaning cranes.

2 Dynamic Model

We consider the rotary crane shown in figure 1, where
the boom angle γ is controlled by a wire which is wound
around a drum. The body of the crane can be rotated
about the z-axis by a rotation motor. The pivot of the
boom does not necessarily coincide with the origin. To
make it simple we regard the crane as a rigid body, and
the load as a point mass. Further, we neglect frictional
torques in the mechanism. The most crucial assumption

is to neglect the dynamic influence of the load on the
crane. This can be justified by a stiff crane machinery,
which is the case for the cranes considered in this paper.
For a leaning crane it is, however, necessary to take

into account how the load is influencing the crane.
The result of these assumptions is that the process can

be described with three models, one each for the boom
and rotation dynamics and one model for a 2-dimensional
pendulum driven by the acceleration of the suspension
point.
Since we are considering a rotary crane a natural choice

of inputs are the crane rotation angle θ and the crane
boom angle γ. In order to achieve decoupling we define
the load swing angles αv and βv in a crane-fixed frame,
indicated in figure 1 with cX and cY , that rotates with
the crane such that the crane boom always coincides with
the cY -axis. This gives the dynamic equations

λα̈v = −g sinαv cosβv − 2λ̇α̇v − λβ̇2
v sinαv cosαv

+ L sinαv sin(γ − βv) γ̇
2

− (2λ̇ sinβv + 2λβ̇v cos
2αv cosβv) θ̇

+ 2Lγ̇ θ̇ cosαv sin γ

+ (λ cosαv cos
2βv − (b+ L cosγ) sinβv) θ̇

2 sinαv

− L sinαv cos(γ − βv) γ̈

− (λ sinβv + (b+ L cos γ) cosαv) θ̈
(1a)

λβ̈v cosαv = −g sinβv + 2λα̇vβ̇v sinαv

+ L cos(γ − βv) γ̇
2 − 2λ̇β̇v cosαv

+ 2(λα̇v cosαv + λ̇ sinαv) θ̇ cosβv

+ (λ cosαv sinβv + b+ L cos γ) θ̇2 cosβv

+ L sin(γ − βv) γ̈ + λ sinαv cosβv θ̈
(1b)

Model Complexity Reduction

The model equations (1) are not well-suited, due to their
complexity, to use in the design of a controller. Instead
as simple a model as possible is preferable. Notice that
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Figure 1: Notations for a rotary crane. The left part
shows the boom, defining the angles θ and γ, the boom
length L and the pivot offset b. The right part shows
the load and the suspension point defining the load swing
angles αv and βv and the length of the wire λ

(1) is valid for all values of the load swing angles αv and
βv. This seems like an unnecessary luxury since the os-
cillation of the load in an extreme case can reach angles
up to 10◦, but in normal operation it is uncommon with
angles greater than 5◦ and even less if an efficient con-
troller is used to eliminate the oscillations. Thus it is safe
to assume that the load swing angles αv and βv are suffi-
ciently small. An elimination of sinus and cosines in (1)
then gives valid model equations. With small load swing
angles and some other approximations then the equations
of motion modify to

α̈v = −ω2
ααv − L1θ̇ − Lαθ̈ − 2λ̇α̇v/λ+ βvθ̈ (2a)

β̈v = −ω2
ββv + Lβγ̈ + Lαθ̇

2 + L2θ̇ + L3γ̇
2

− 2
λ̇β̇v

λ
+ (θ̈ + 2α̇vβ̇v)αv

(2b)

A more elaborative motivation for this is given in [1].

Steady State

Now consider a steady state solution of (2a) and (2b)
when α̇v, β̇v, γ̇, λ̇ and θ̈ are equal to zero and θ̇ 6= 0,
possibly due to a controller that eliminates the oscilla-
tions. Then (2a) becomes 0 = −ω2

ααv − L1θ̇, but since
L1 = 0 the steady state solution is ᾱv = 0 that in-
serted into (2b) together with the conditions above gives
0 = (θ̇2 − ω2)β̄v + Lαθ̇

2 which has the solution

β̄v =
b+ L cosγ

g − λθ̇2
θ̇2 (3)

3 Control Design

The objective of this section is to design a servo controller
that facilitates, not automates, the use of a rotary crane.
This distinction is very important to make, since the op-
erator remains as an integrated and commanding part in
our approach.
The operator is responsible for the overhead strategy,

where to load and where to unload. He should also take

necessary actions to operate the control levers to move
the crane, and the load, into appropriate positions. Mov-
ing the load is the difficult part since it calls for a high
degree of skill and concentration to avoid unnecessary
time delays due to oscillation of the crane load.
The idea with a facilitating servo is to remove the tricky

dynamics and let the angular rate of the load be directly
proportional to the angles of the control levers. This
is unfortunately not possible due to limitations in the
crane machinery. But it should be possible to let the
load behave as a well damped linear system.
A reason to use a rate servo controller instead of a

position controller is that it is important to have a simple
man-machine interface. Rotary cranes used on ships are
usually operated by local dock workers. It is thus not
possible in practice to train an operator on a crane with
complex or different man-machine interface.

Linear Design

Before considering a full-blown controller, let us step back
and start by considering the linearized versions of the
equations of motion for a pendulum in a crane-fixed frame
(1) found in (2a) and (2b) but with all the cross coupling
terms stripped off

α̈v = −ω2αv − Lαθ̈ (4a)

β̈v = −ω2βv + Lβγ̈ (4b)

Thus we simplify the controller design as we can decom-
pose the controller into two parts and treat them sepa-
rately. One purpose with this is to show that it is neces-
sary to take the cross-coupling into consideration.
We also need linear models of the crane. If we ignore

or assume that we can compensate time delay and non-
linearities in the actuators, then we can model them as
linear first order systems (see [1]).

θ̈ = kθ(uθ − θ̇) (5a)

γ̈ = kγ(uγ − γ̇) (5b)

where uθ and uγ are inputs to the actuators.
Since the linear models of the slewing motion and the

luffing motion have identical structure, and differ only
in the values of the parameters, it is at this stage only
necessary to study one of them. Our choice is to study
the slewing motion.

Linear Control of the Slewing Motion

Having linear models of both the load and the crane we
can combine them into a fourth order state space model
for the rotational or slewing movement.
The goal with the controller, as mentioned before in

this chapter, is to make it easier for the operator to han-
dle the crane. Originally, in a manual system, the slewing
motion of the crane is controlled by an operator with a



control stick, where the slew rate of the crane is propor-
tional to the stick angle. The problem with the manual
mode is that the operator has to compensate for the un-
damped oscillation modes in the dynamics of the load.
To avoid this, a controller can be used to automatically
stabilize the pendulum motion.
Furthermore, to avoid confusion, it is necessary to re-

define the control stick function. Instead of being pro-
portional to the crane slew rate the control stick angle
should be proportional to the speed or angular rate of
the load orthogonally to the crane arm.

y ≈ θ̇ +
λ

b+ L cosγ
α̇v = θ̇ +

1

Lα
α̇v (6)

The open loop transfer function from the input uθ to the
angular rate y of the load is

Y (s)

Uθ(s)
=

kθs

s(s+ kθ)
−

kθs
2

(s+ kθ) (s2 + w2)
(7)

where Y (s) and Uθ(s) are the Laplace transforms of the
angular rate y(t) and uθ, the control signal defined in
(5a). Now our goal is to design a state space controller

uθ = Gv(t)−Kx(t) (8)

such that the angular rate of the load y(t) as well as
possible tracks the demanded angular rate v(t). The open
system (7) has poles in 0, −kθ and ±jω. It is reasonable
not to modify the two real poles which originate from
the crane dynamics. The poles on the imaginary axis
must, however, be modified to have negative real parts.
A standard state space pole placement method [2] can
be used and straightforward calculations show that the
control law

uθ =
ω2
c

ω2
v(t) − kα1 αv − kα2 α̇v − kα4 θ̇ (9)

with the gains

kα1 = −
2ξωc

Lα
−

ω2
c − ω2

kθLα
kα2 = −

2ξωc

kθLα
+

ω2
c − ω2

Lαω2

kα4 =
ω2
c − ω2

ω2
(10)

gives the closed loop transfer function

Y (s)

Uθ(s)
=

kθω
2
c

(s+ kθ)(s2 + 2ξωcs+ ω2
c )

(11)

In figure 2 we can see the result of a simulation of the
closed loop system for a typical crane. It shows an evident
coupling between the systems (4a) and (4b) with oscil-
lations in βv initiated by the rotation, but it also shows
that a linear controller like (9) can be used to eliminate
the oscillations orthogonal to the crane arm.
In an effort to maintain a good man-machine interface

the next step is to modify (9) to avoid oscillations in
βv. The reason for calling it a man-machine interface is
that if the operator initiates a slewing motion with the
control stick then the luffing motion should be kept to a
minimum.
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Figure 2: Simulation of the linear state space controller
(9) with ωc = ω = 0.7381 and ξ = 1 that among other
things shows that the decoupled models (4a) and (4b)
should be coupled

Effects of coupled movements

A modification of (4) is thus necessary to model the cou-
pling between the systems. Such model is (2b) which
conforms well with the complete nonlinear model (1b)
since the only approximation made is that the angles are
assumed to be small. If the use of the model is to describe
the coupling between a slewing motion and an oscillation
then a simplified variant can be used. Assume that the
length λ of the wire is constant and that γ̇2 is negligi-
ble. If the angles αv and βv are small then (2b) can be
simplified to

α̈v = −ω2αv − Lαθ̈ − 2β̇vθ̇ (12a)

β̈v = −ω2βv + Lβγ̈ + Lαθ̇
2 + 2α̇vθ̇ (12b)

which is verified by the same type of simulation as in
figure 2. The output from (12) is almost indistinguishable
from the output of the nonlinear model.
It can be worthwhile to comment the origin of some of

the terms in (12). Since the crane is rotating there must
be a centrifugal force acting on the load and it is modeled
by the term Lαθ̇

2 in (12b). The other nonlinear terms
in the equations are also a result from the rotation of
the crane. If the pendulum is oscillating in a plane, then
it keeps oscillating in the same plane unless there is an
external force. The plane has an orientation relative to
the crane that changes when the crane is rotating. The
faster the crane rotates the faster is the change, hence
the factor θ̇.
Notice that if a normalized time τ = ωt is used then

(12a) becomes

∂2αv

∂τ2
= −αv − Lα

∂2θ

∂τ2
− 2

∂βv

∂τ

∂θ

∂τ
(13)

The coupling is thus proportional to

∂θ

∂τ
=

1

ω
θ̇ (14)

Problems can thus occur if the length λ of the wire is very
long (making ω small) or the crane is fast. In figure 2 the
ratio θ̇2max/ω

2 is 0.02. Figure 3 shows a simulation where
the ratio is 0.234 corresponding to λ = 200 m. In this
case the coupling is too large to be neglected and the
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Figure 3: Simulation of the linear state space controller
(9) with ξ = 1, ωc = ω = 0.2214 corresponding to λ = 200
m. The coupling is too large and the linear controller
fails. The set point is constant v(t) = 0.8θ̇max

controller consequently fails to suppress the oscillations.

Notice that it is impossible to eliminate oscillations in
βv solely by using uθ as control variable. Since θ̇2 is
always positive it can only influence βv in one direction,
so it is necessary to design also a luffing motion controller.

Simultaneous Control of Slewing and Luffing

Some progress has now been made towards the construc-
tion of a linear controller, but it still remains to solve
the problem arising from the coupling between the sys-
tems. Notice in figure 2 that a step in the set point for
the slew rate excites an oscillation in βv, furthermore no-
tice that the load swing angle βv is biased. All efforts to
eliminate the bias will undoubtedly lead to a system with
constantly decreasing crane arm angle γ in the effort to
compensate the load swing angle caused by the centrifu-
gal force. Consequently we should only try to eliminate
the oscillation allowing the bias to exist. A straightfor-
ward method is to use (3) as an approximation of the bias
and use the control law

uγ = vγ − kβ1 (βv − β̄v)− kβ2 β̇v − kβ4 γ̇ (15)

where the gains are similar to them in (10).
Simulating the same typical crane as in figure 2 with

the control law (15) together with the slewing motion
controller (9) shows a pronounced improvement, not only
for βv but also for αv. In the latter case it is mainly be-
cause the system eventually reaches a steady state where
β̇v = 0 which, according to (2b) reduces the coupling.
The result of the simulation is displayed in figure 4
A remaining problem with the controller (15) is con-

spicuous if we study the variation of γ in figure 5 from the
same simulation as in figure 4. Despite the fact that only
the set point for the slew rate has been changed there is
an unwanted steady-state error in the luffing angle γ.
The reason for this is that the closed loop system has

a pole in the origin and a disturbance not balanced by
a comparable disturbance with opposite sign will leave a
trace in γ. Thus one solution to the problem is to change
the pole placement of the luffing controller such that the
closed loop transfer function from the reference value vγ
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Figure 4: Simulation of the controller (15). The reference
value to the controller vθ = 0.8θ̇max during the first 20
seconds of the simulation and then set to zero.
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Figure 5: Simulation showing the improved decoupling
with the position controller (17) compared to the rate con-
troller (15), (solid curve).

to the crane arm angle γ becomes

Γ(s)

Vγ(s)
=

pkγω
2
c

(s+ p)(s+ kγ)(s2 + 2ξωcs+ ω2
c )

(16)

The control law (15) should then be modified to

uγ = kβ3 vγ − kβ1 (βv − β̄v)− kβ2 β̇v − kβ3 γ − kβ4 γ̇ (17)

The improvement can clearly be seen in figure 5.
The use of a position controller for the luffing motion

also solves the problem that arises from the limitations of
the crane arm angle γ. A well-behaved closed loop system
(16) with a damping ratio ξ = 1 has no overshoot in γ, so
it is safe to give a set point to (17) that is close or equal
to a limit. To make the closed loop system behave like
a rate controller it is necessary to integrate the rate set
point from the command stick to obtain an appropriate
position set point.

4 Leaning Cranes

This section treats the common case when the rotary
crane is mounted on a cargo vessel. Cargo vessels, or
ships as they are sometimes called, spend most of their
time floating on water trying to minimize the potential
energy, which has the consequence that the deck can lean
in any direction depending on the distribution of the load.
This is true even if the vessel is anchored to a quay. Some-
times the slopes change influenced by a moving crane.
Slopes right up to 5◦ are not uncommon.
This aggravating circumstance has two essential effects

on the control system. Principally, the measurement sys-
tem must be enhanced to be able to correctly measure the
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Figure 6: Definition of roll angle ζr and pitch angle ζp.
The crane arm is directed to the stem when θ = 0◦

angles αv and βv even if the ship, and with it the crane,
is leaning. For a while we consider this enhancement as
done and trust the measurements. In [1] it is shown how
to enhance the measurement system.

The second effect is that the load will influence a lean-
ing crane with a static torque which can be devastating
especially in cranes with hydraulic motors. The problem
is most pregnant when both the crane and the load are
at rest, since a hydraulic motor may be stiff towards dy-
namic loads, but when it comes to static loads there is
always a leak flow in the motor that causes the motor and
consequently the crane to move. The normal way to solve
this in a manually operated crane is to use a mechanical
brake that automatically switches on when the motor is
supposed to be at rest.

Mechanical brakes are, however, unacceptable, or at
least difficult, to use in an automatic system, since they
are slow in action and thus introduce time delays that can
be difficult to handle. Only when loading or unloading
should the brakes be used to increase the security.

Apparently a modification of the controller is neces-
sary to avoid sliding cranes. A first step is to model the
disturbance by modifying (5a) to

θ̈ = kθ(uθ − θ̇) + δ(t) (18)

where we in a first attempt consider δ(t) as constant. If
this was true then an integrating controller would solve
our problem. But unfortunately it is not true unless θ is
constant, as a strict analysis shows that δ(t) is depending
on θ according to

δ(t) = µMgr

= µMg(b+ L cos γ)(sin ζr cos θ − cos ζr sin ζp sin θ)
(19)

where r is the momentum arm. The mass of the load
is denoted by M and the roll- and pitch-angles defined
in figure 6 are denoted by ζr and ζp. Those three quan-
tities are normally unknown. Even the coefficient µ is
unknown. For the crane used in our experiments then
|δ(t)| < 0.02.

To make the analysis easier we exclude the small vessel
case when a moving crane can change the slope of the
vessel. Then all quantities in (19) except θ is constant
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Figure 7: Comparison of the slew rate θ̇ between a rate
controller (dashed curve) and a position controller (solid
curve). The crane is leaning ζp = −5◦. The rate con-
troller gives a steady-state error causing the crane to glide
away

and (19) can be reduced to

δ(t) = µ1 cos θ + µ2 sin θ (20)

Linearization of (20) around θ0 gives

δ(t) ≈ µ1 cos θ0 + µ2 sin θ0

+ (µ2 cos θ0 − µ1 sin θ0)(θ − θ0)

= δ0 + κ0θ

(21)

Thus if the variation in θ is sufficiently small then δ(t)
can be considered as a constant disturbance to a slightly
modified system. It may, however, not be possible to use
this linearization since θ is subjected to large variations.
Regardless of the structure of the controller, it can not

be the rate controller (9) since the closed loop system
then has a pole in the origin. The Laplace transform of
θ for the closed loop system controlled by (9) and with a
constant disturbance δ(t) is

Θ(s) =
kθω

2
cVθ(s) + kθω

2∆(s)

s(s+ kθ)(s2 + 2ξωcs+ ω2
c )

(22)

A constant disturbance δ will thus make the angle θ drift
away.
Redesigning (9) to a position controller similar to the

one previously designed for the luffing motion gives an im-
mediate improvement. The difference is displayed in fig-
ure 7 An important difference is that the position con-
troller is slower than the rate controller. This is clearly
noticeable sitting in the operators cabin. The position
controller feels viscous compared to the rate controller.
Although the difference in time is small this viscous feel-
ing leads an experienced operator to believe that the au-
tomatic controller is slow and inferior. The reason is of
course the extra pole that is introduced with the posi-
tion controller. To improve the speed, this new pole can,
however, be cancelled by a set point filter

uθ = kα3 (v̇ + pv)− kα1 αv − kα2 α̇v − kα3 θ − kα4 θ̇ (23)

where v is the set point and p is the pole to cancel, the
difference can be seen in figure 8. The same improvement
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Figure 8: Comparison of the slew rate θ̇ between a rate
controller (dashed curve) and a position controller with
set point filter (solid curve). The crane is leaning 5◦.
The rate controller gives a steady-state error causing the
crane to glide away

in speed can also be made for the luffing controller by
extending (17) with a set point filter.
Note that it is not necessary to base the control design

on the dynamics for a leaning crane. The linear model
(4), augmented with a term describing the centrifugal
force, gives adequate precision provided that the slope
angles of the crane are small and that the ratio between
θ̇ and ω is sufficiently small.
In an effort to increase the quality of the man-machine

interface we observe that the horizontal distance cym
from a vertical axis, that coincides with the rotational
axis of the crane at the rotary joint, to a load without
oscillations can be calculated as

cym = (b + L cosγ)− ζγL sin γ (24)

where ζγ = ζr sin θ + ζp cos θ. Obviously the distance
changes even if the crane arm angle γ is kept constant.
We stated in the previous section that if the operator

only intends to rotate the crane, then it shall only ro-
tate. We have, however, already made some exceptions
from that rule as it is otherwise impossible to successfully
eliminate the oscillations of the load.
The rule can also be interpreted as that the distance

cym, defined above, should be kept constant during a
rotation. From (24) we conclude that the only way to
accomplish this is to change γ with feedforward. Let γr
be the set point due the operator. Then the set point to
the controller γc is calculated from the equality

(b + L cosγr) = (b+ L cos γc)− ζγL sin γc (25)

where the left part is the distance that the operator
wants. Solving (25) gives the new set point

cos γc =
cos γr + ζγ

√

ζ2γ + sin2 γr

1 + ζ2γ
≈ cos γr + ζγ sin γr

(26)
To get the best tracking one should use the set point for
slew angle θ, as in figure 9, to calculate ζγ when making
the correction of the set point for the crane arm angle γ.

An additional feature with this procedure is that the
suspension point will always follow a circular path when

λγ

φ

L

b

✲ p+ d
dt

✲ (26) ✲pos. servo ✲
vγ uγγr γc

✻

✲ p+ d
dt

✲pos. servo ✲vθ uθθr
❄

❄

Figure 9: The complete controller with feedforward from
the slew angle command signal to the luffing angle set
point. vθ and vγ are the command signals from the con-
trol sticks that serves as angular rate references. They
are modified with a filter to position set points θr and γr.
The control outputs are uθ and uγ .

pure rotation is demanded thus decreasing the influence
on the pendulum dynamics that a leaning crane has.

5 Conclusions

In this paper we have discussed a method to design linear
gain scheduled controllers for both the slew and luffing
motion of a rotary crane. It is shown that the coupling
between the slew and luffing motion can be eliminated
with a nonlinear feedforward term. Further it is shown
that the case with a leaning crane can be handled with a
different choice of parameters in the controller.
The results given above have been confirmed in practise

[1] and a slightly different controller has been commer-
cialized and is sold under the name ”Swing Defeater”.
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