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Abstract

In this paper, 3D anti-swing control for a hydraulic loader crane is presented. The difference between
hydraulic and electric cranes are discussed to show the challenges associated with hydraulic actuation.
The hanging load dynamics and relevant kinematics of the crane are derived to model the system and
create the 3D anti-swing controller. The anti-swing controller generates a set of tool point velocities which
are added to the electro-hydraulic motion controller via feedforward. A dynamic simulation model of
the crane is made, and the control system is evaluated in simulations with a path controller in actuator
space. Simulation results show significant reduction in the load swing angles during motion using the
proposed anti-swing controller in addition to pressure feedback. Experiments are carried out to verify
the performance of the anti-swing controller. Results show that the implemented pressure feedback is
crucial for reaching stability, and with it the control system yields good suppression of the swing angles

in practice.
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1 Introduction

Anti-swing control of cranes and hoists is a topic which
has received extensive research in the past decades.
Applications include lifting equipment in factories,
shipyards, and warehouses etc. One of the challenges
associated with these machines is the undesirable load
swing of the hanging load when moving. The load
swing can reduce efficiency, increase cycle times, and
potentially lead to safety hazards and accidents. Differ-
ent techniques have been implemented to dampen this
load swing. Anti-swing control is a difficult task, as
systems with hanging loads are underactuated, mean-
ing the degrees of freedom are greater than the number
of controlled actuators.

A typical application of anti-swing control is elec-
tric overhead cranes, where the translational motion
is controlled by one or more electric servomotors. The
controller often consists of two parts, one feedback con-
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troller for regulating the position of the crane, and a
second controller to suppress the load swing of the
hanging load. Earlier work on anti-swing control of
electric overhead cranes include Lee et al. (1997); Lee
(1998); Sung-Kun Cho and Ho-Hoon Lee (2000); Ho-
Hoon Lee and Seung-Gap Choi (2001), utilizing linear
system models. More advanced and nonlinear anti-
swing control systems including sliding mode control,
robust control, and fuzzy logic are found in Ho-Hoon
Lee and Sung-Kun Cho (2001); Cho and Lee (2002);
Lee (2003); Fang et al. (2003); Lee (2004); Lee et al.
(2006); Park et al. (2007); Park et al. (2008); Schindele
et al. (2009); Lee and Liang (2010); Ngo and Hong
(2012); Ambrosino et al. (2020).

A method which has been tested for anti-swing and
vibration reduction in flexible systems is called input
shaping. The input signal to the system is designed
to be self-canceling, using the bandwidth and damping
ratio of a dynamic system model Singhose et al. (1996);
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Sorensen et al. (2007); Kjelland and Hansen (2015).

Delayed reference control is a similar method which
has been used on cranes. In this case the reference gen-
erator is time shifted based on the measured payload
angle, see Boschetti et al. (2011, 2014).

Anti-swing control for hydraulic cranes is not an ex-
tensively studied area, but references include Kjelland
et al. (2012) which investigates tool-point control and
anti-swing for a planar hydraulic crane.

For this paper, a hydraulic loader crane is consid-
ered, see Figure 2. In this case the load is hanging
from the crane tip, instead of the trolley of an over-
head crane. The hydraulic loader crane uses pressure
compensated valves, which give a load independent ve-
locity control for each actuator. For closed loop con-
trol systems, the load independent velocity control can
be utilized in a control system using feedforward Bak
and Hansen (2013); Jensen et al. (2020a). In this case,
both a position reference and a velocity reference are
generated in the control system. An example of a typi-
cal closed loop electro-hydraulic motion control system
with feedforward (FF) and feedback (FB) is shown in
Figure 1.

X l
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Return pressure

Supply pressure

Figure 1: Electro-hydraulic motion control
with feedforward.

system

This paper is based on the previous work in Jensen
et al. (2021), which focus on 2D anti-swing, and ex-
tends the relevant kinematics and dynamics in order
to create a 3D anti-swing control system.

2 Considered System
In this paper an HMF 2020K4 loader crane is used
as a case study for modeling, simulation, and exper-

iments. Figure 2 shows the main components of the
HMF 2020K4 loader crane. The relevant data for the
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cylinders are shown in Table 1. Each actuator is con-
trolled via a pressure compensated proportional di-
rectional valve which ensures load independent flow
control of the actuators. Counterbalance valves are
also used for load holding, assisting in lowering of the
booms, and pressure relief of pressure surges. An illus-
tration of the hydraulic system for the knuckle cylin-
der is shown in Figure 3. Figure 4 shows the hanging
load definitions along with the main boom angle 6,,,
knuckle boom angle 6y, and swing angles a (in-plane
angle) and S (out-of-plane angle).

Crane tip
Knuckle boom

Knuckle linkage
Knuckle cylinder

Main boom
Main linkage
Main cylinder

Slew column

Slew cylinder

Figure 2: Main components of the considered crane.

Table 1: Data for the cylinders.

Description Name Value
Slew piston diameter Dy 0.125 m
Slew piston area A, 0.0123 m?
Slew piston area ratio o 1

Slew rack and pinion radius Ts 0.105 m
Slew valve maximum flow Qmaz,s 25 1/min
Main piston diameter Dpm 0.16 m
Main piston area A, 0.0201 m?
Main rod diameter D, 0.1 m
Main annulus area Aam 0.0123 m?
Main piston area ratio Om = A;;nm 0.6094
Main valve maximum flow Qmaz,m ' 40 1/min
Knuckle piston diameter Dy i 0.15 m
Knuckle piston area Ay 0.0177 m?
Knuckle rod diameter D, 0.1m
Knuckle annulus area Aak 0.0098 m?
Knuckle piston area ratio oK = ’%’f 0.5556
Knuckle valve maximum flow  Qmaaz,k 40 1/min
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Figure 4: Definitions of crane tip and hanging load

geometries.

2.1 Difference from electric overhead
cranes

Since anti-swing control, primarily of electric overhead
cranes, is an extensively studied subject, a short dis-
cussion about the differences between electric and hy-
draulic cranes is presented in this section.

Regarding actuation, the electric motor produces a
torque based on the motor current, while hydraulic
cylinders produce a force based on the hydraulic pres-
sure. Pressure compensated directional valves are often
used on hydraulic cranes, which enable load indepen-
dent velocity control of the cylinder. On electric cranes,
the motor current is controlled to provide a force acting
on the system through a rack and pinion. This differ-
ence in velocity control and force control also affects
the anti-swing control system for the crane.

A typical overhead crane is illustrated in Figure 5.
The hanging load is connected to the trolley, and the
trolley is able to move in the z-direction. An electric
motor exerts a force F,ot0r On the trolley through the
wheels, which affects both the trolley motion and pay-
load motion.

Trolley

Fmotor

X

Figure 5: Typical overhead crane with hanging load.

2.2 Control strategy

The control strategy suggested in this paper is shown
in Figure 6. This control strategy is useful for any
hydraulically actuated manipulator with a tool point
and a number of joint angles controlled by means of
hydraulic cylinders. This constitutes a wide variety of
load handling machinery. The main task is position
control of the tool point and, classically, this may be
combined with a velocity feedforward term. Feedback
control is most easily implemented in actuator space
Jensen et al. (2020b). Therefore, inverse kinematics is
used to transform from tool point coordinates via joint
coordinates to actuator coordinates. The anti-swing
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controller is introduced in parallel with the feedforward
term, and is used to counteract the continuously mea-
sured swing angles by adjusting the tool point veloci-
ties. Therefore, the anti-swing controller also requires
a kinematic transformation into actuator space.

Actuator position

Tool point [~ .| Actuator ¢ _
position | Kinematics | civion Bos Valve | Hydraulically J
reference - reference osition signal | Actuated

————=» Position > Feedback —>{,) Manipulator

Tool point Actuator Controller
r\éié?ec:ge i r\éié?:r':ge Velocity Hanging load |—

TETETENEE, | Velocity » Feedforward —(, )

Controller
Actuator
Kinematics| velocity _
- anti-swing Anti-swing
Velocity Feedforward
Tool point Controller
velocity
anti-swing | Anti-swing Payload angle
Strategy

Figure 6: Anti-swing control strategy.

The proposed control strategy is implemented for a
3-dimensional case using three actuators. Howerever,
more actuators may be used in combination with re-
dundancy optimization, see Kjelland et al. (2012).

3 System Modeling

A dynamic model of the crane has been made in MAT-
LAB Simscape™. 3D CAD models have been im-
ported into the model using the Multibody library, and
the hydraulic system has been modeled using the hy-
draulic library. A side view of the crane in the simula-
tion model is shown in Figure 7.

Figure 7: 2D view of the crane model in MATLAB
Simscapce™.
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3.1 Hanging Load Dynamics

To derive the equations of motion for the hanging load,
the Euler-Lagrange equations are used. For the follow-
ing equations, the notation s, = sin(«), ¢, = cos(a)
is used. With the boom tip position defined as r; =
[2¢ y; 2¢]T, the payload position is calculated as follows.

Sa
CaSp
—CaCp

r, =71+ Ly

(1)

The payload velocity is calculated by taking the time
derivative of the payload position.

. dca . Sa
Ip =T+ Ly | Bcacs — o"zsaslg + Ly | casg
G&sqcg + Beasg —CaCB

(2)

The Lagrangian £ of the system is defined as the
kinetic energy K minus the potential energy P, and is
shown in Equation (3).

L=K-P (3)

The kinetic energy of the payload is:

T

1 7.
K =5Mptp Tp (4)

The potential energy of the payload is:

(5)

Selecting the coordinate ¢ = [a B]T, the Euler-
Lagrange equation is defined in Equation 6.

doL oL

dtdq g

P =mypg (21 — Lycacp)

(6)

Solving Equation (6) gives two coupled second or-
der differential equations, shown in Equation (7) and
(8). The full calculations are given in Appendix A in
Equations (A.1)-(A.13).

1 .
G = — <_ca¢t + SaSalit — SaCpit — 26tLy,
L,

- Sacaﬁlsz - gSa05) (7)

B = L (—clgyt — 58% + 25,08 Ly,
- QBLw — 955> (8)

3.2 Joint Space Kinematics

The joint space kinematics describes the relation be-
tween the joint angles and Cartesian coordinates of
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the crane tip. Figure 8 shows the geometry which is
used with the Denavit-Hartenberg parameters, where
both booms are horizontal. The distances between con-
secutive joints are shown in Table 2. The Denavit-
Hartenberg parameters are shown in Table 3, where
R and T are rotational and translational matrices, re-
spectively. The angles 6, 0,, ,and 5 denote the rota-
tion about the slew joint, main joint, and knuckle joint,
respectively.

with  Denavit-

used
Hartenberg parameters.

Figure 8: Crane geometry

Table 2: Coordinates shown in Figure 8.

Name Length [m)]
liz 0.250
L. 1.569
loy 2.400
la, 0.070
I 2.429
I3, 0.093

Table 3: Denavit-Hartenberg parameters.

R. T. T, R,
0s iz —liy  90°
Om 0 0 -90°
0 lo, log 90°
O, O 0 -90°
0 —ls, 3 0

The transformation matrix Apg from the base of
the crane to the tip of the crane can be established as
a sequence of transformations based on the Denavit-
Hartenberg parameters, shown in Equation (9).

ADH = Rz (as)Tz (llz)Tz(_llm)Rm (QOO)RZ (Gm)
R.(—90°)T.(I2,) T (l2: )R, (90°)

R, (0k)R;(—90°)T,(—l3.) Ty (lss) (9)

The final matrix Apgy is shown in Equation (10).
The joint kinematics from the crane base to the crane
tip is now contained in x;, y¢, and 2.

C0,C,,+6, —S56, —CO,50,,+0, Tt
Apy = 50:C0,n+0,  CO, T80.50,+0r Yt (10)
50,,+05 0 CO,+65, 2
0 0 0 1
xy = cg,(—liz + lazco,, — 2250,
+ I32C0,, 40, + 13256,,+06,) (11)
Y = 50, (=l + l2zco,, — 2250,
+ l32C0,,+0,, + 13250,,+0,) (12)
2t = l1z + l2g50,, + 12200,
+ 13250, 46, — 132C,, +0, (13)

To find the correlation between the desired crane tip
velocities and the joint velocities, the inverse Jacobian
matrix must be defined. The correlation between crane
tip velocities and joint velocities is shown in Equations
(14) and (15).

Tt és

2t | 9k

0] Ty
O | =T |0 (15)
ék_ 2t

First, the Jacobian matrix is defined as the partial

derivative of the crane tip position with respect to the
joint angles, shown in Equation (16).

o (@) o= (w1) g (wr)
J= ags(yt) aezm(?/t) %(yt) (16)
go- () oo (2) g (2t)
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0
90 (xt) = _505(_l11 + lozco,, — 12250,
+ l3wcem+ek + l3289m+0k)
0
W(xt) = 095(_12x30m —ly;co,,

— 132:50,,+0,, + 132Co,,+6,,)
0
%(%&) = ¢, (—l3256,,+0,, + 132C,,+6,)

0
7(yt) = Cq, (_llx + l2zcam - 12230,"

00,
+ l3zco,,+0, + 13256,,+6,)
0
@(yt) = 50, (—l2z50,, — l2:C0,,
— I3250,,+0, + l32Co,,+0,)
0
7(%) = 893(*13159m+9k + 13269m+9k)
00,
0
g0, ) =0
0
@(zt) = l2wce7n - l22897u
+ 132€0,,+0, + 13250,,+0,
0
679k(zt) = —l3xco,, 10, — 13250,,+6,

(17)

(18)

(19)

The inverse Jacobian matrix is used to generate the

joint velocities, shown in Equations (26)-(38).

T I Tl
JEJ = J2T1 Jsz J;r:a

WA AR A
O = J]yie + Ty + Jfsi
O, = ngjft + ngyt + Jg:‘aét
O = J5 i + Jhou + Tl

Iy = —re

—lic+l22Co,, —12250,, Hl32Cop, +0,, T13250,,+0,

Ty = e

—lietl22co,, —12:50,, Hl3xCop +0, T13250,, +0,
T
Jls=0

JT o _COS(l3z09m+9k+l3259m+9k)
21 7 —laglzwse, +Haxlzzcoy, Hlozlzzco, +H2zl3250,

JT _ —S6, (13109m+9k +l3250m+9k)
22 7 —laglzase, tloalzzcoy Hl2zl3aco, 2213250,
,]T _ —13286,,+0, +132Co,, +o,

23 7 —laglzgse, +Hlowlzzce, Hlazlzzce, 2213250,
gt e (l22C0,, —12250,, 1320, +0,, +l3250,, 10, )
31 —l2yl32 50, Haxlszcoy +l2zl30c0, +l2213250,
,]T _ Se, (lZ:I:CQm —12256,, +130Co,, +0,, H3250,, 0, )
32 7 —lazlagse, Hlozlszce, Hozlznce, +l2zl3250,
JT _ loxse,, tlozce,, Haase,, +o, —l32C0,, 10,

33 —

—lazl3as0, Hloalszcoy Hazlsaco, +l2213250,
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3.3 Actuator Space Kinematics

The actuator space kinematics describes the relation
between the cylinder lengths, cylinder velocities, joint
angles, and joint angular velocities. They have pre-
viously been developed in Jensen et al. (2021). The
shorthand kinematic expressions are shown in Equa-
tions (39)-(47). Figure 9 and Figure 10 show the ge-
ometry of the linkage system for the main joint and
knuckle joint, respectively.

Figure 9: Geometry of the linkage system for the main
joint.

Figure 10: Geometry of the linkage system for the
knuckle joint.
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Ts
Om = O () (40)
O = O () (41)
. j’;s
. 00 (x)
b = =5 P, (43)
- aek(sck) .
By = 047 (45)
(00 ()
Lm = ( 0T, > Om
=05 O (46)
. 00 -t
=01 Ok (47)

3.4 Hydraulic Modeling

All three cylinders are controlled by pressure compen-
sated directional valves. An illustration of the valve is
shown in Figure 11. The pressure compensator senses
the load pressure to keep the pressure drop over the
directional valve constant, thus ensuring a load inde-
pendent flow. The governing equations of the pressure
compensator are given in Equations (48)-(50).

Pa Pb
I ‘ : . ><
Al A
Pp
Proad ]
Pset
Pi Pt

Figure 11: Pressure compensated directional valve.

_ Pset + Pload — Pp

Upe Ap. (48)
a if US 00, Z O
Pload = {p P l (49)
pp otherwise
Qpc = RpclUpc/Pi — Pp (5())

where;
Upe = opening of compensator, 0 < up. <1
Dp = compensated pressure at port p
Ap, = pressure difference when fully opened
Da = pressure at port a
Db = pressure at port b
Pt = tank pressure
Pset = spring pressure setting
Dioad = load pressure
Uspool = mMmain spool position, —1 < Ugpeer < 1
Qpe = flow in pressure compensator
kpe = flow gain of compensator

Di = compensator inlet pressure

The steady state of p,, is then given by Equation (51).

Pp = Pload + Dset (51)

The sensing of the load pressures p, and p, ensures
that the pressure drop over the directional control valve
always equals pser, and that the flow is load indepen-
dent. This is shown in Equation (52).

Q = kvuspool\/ Pp — Pload
= k'uuspool VvV Pset

= Qmamuspool (52)
where;
Ky = flow gain of the directional valve
Qmar = maximum valve flow
To assist with load holding, lowering of the load,

and protection against pressure surges, counterbalance
valves are used between the directional valve and the
hydraulic cylinder. Figure 12 shows an illustration of
double counterbalance valves, as used on the slew cylin-
der and knuckle cylinder. The main cylinder uses a
single counterbalance valve.

Paz Po2
M o M
L) L
Dbcrack,a I~ \\ // ~ pcrack§>
/N
Pa1 Po1

Figure 12: Double counterbalance valves.

The governing equations of the counterbalance
valves are shown in Equations (53) and (54).

_ Pa2 + ¢Pb1 — Pcrack,a

a 53
Apcpv (53)

DPb2 + '(/}pal — Perack,b
up = : 54
’ Apcpv ( )

119



Modeling, Identification and Control

where;

Ug = opening of valve a, 0 < u, <1

Up = opening of valve b, 0 < uy <1

Pal = pressure at valve a input side

Da2 = pressure at valve a actuator side

Dbl = pressure at valve b input side

Db2 = pressure at valve b actuator side
Derack,a =  crack pressure of valve a

Derack,y =  crack pressure of valve b

P = pilot area ratio

Apcpy = pressure difference when fully opened

4 Control System Design

The control of the hydraulic cylinders uses feedback of
the position error, and feedforward based on the veloc-
ity reference. Since the hydraulic system yields load in-
dependent velocity control, feedforward is an effective
control method, as stated in Bak and Hansen (2013)
and Jensen et al. (2020b). The anti-swing gain k, and
the payload angles o and § are used to generate two
anti-swing crane tip velocities, & , and 3 , in order to
suppress the payload angles. These velocities are trans-
formed into joint space and then into actuator space,
to yield the anti-swing slew velocity 9'5@ and cylinder
velocities &, , and &j,. This is shown in Equations
(55)-(58).

The full control system is shown in Figure 13, out-
lining the feedback controller (blue), feedforward con-
troller (red), and anti-swing controller (green). It
should be noted that the slew angle is used instead of
the slew cylinder length since it is connected to a sensor
on the crane. The anti-swing controller uses actuator
kinematics (Act. Kin.), inverse Jacobian (Inv. Jac.),
and inverse actuator kinematics (Inv. Act.). Both the
feedforward controller and anti-swing controller use the
gain kyy to calculate the valve opening from actuator
velocity.

i‘na «
Yta | =ka | (55)
2 0
'és,a- ftt,a
em,a = JT yt,a (56)
Ok,a_ _Zt,a
jjm,a - almém,a (57)
jf‘laa - elkékga (58>

The anti-swing cylinder velocities &y, , and %y, are
then multiplied by k;; to generate the valve opening.
The control outputs for the control system are shown
in Equations (59)-(61).
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Figure 13: Hlustration of the 3D anti-swing control sys-
tem, with feedback controller (blue), feed-
forward controller (red), and anti-swing
controller (green).

Ug = (es,ref - es)kp,s + (és,ref + 9s,a)kff,s (59)
Um = (zm,ref *xm)kp,m“i’(im,ref +-’tm,a)kff,m (60)
up = (Thpef — Ti)kpk + (Thres + Tha)kprr  (61)

4.1 Theoretical closed loop analysis

An analysis of the closed loop hanging load dynamics
can be conducted based on the open loop hanging load
dynamics and the selected control law. The control law
controls the velocity of the crane tip. Recalling from
earlier sections, the open loop dynamics and control
law are given as:

1 .
a= f (—Cajat + Sasﬁyt - Sacﬁét - QO‘Lw
- Saca/Bsz - gSa65> (62)
B8 = L. (—cﬁyt — 5% + 25,00 Ly,
— QBLw — gsB> (63)
i‘t = Oéka (64)
yt = 6k3a (65)

The expressions for Z;, 4 and Z; can be made by
taking the time derivative of the crane tip velocities:

By = Gk (67)
it = Bk, (68)
=0 (69)
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The closed loop hanging load dynamics can now be
described as:

.. 1 . : L
a= E <—caak‘a + 5a580ke — 2&Ly,
— S0CaB?Ly — gsa05> (70)
f= (s + 250051
- CaLw Cp a Sal w
— 280 — g55) (71)

Linearization is conducted to analyze the damping
that the control law provides. Linearizing around
a~fB~0and L, ~ 0 yields two decoupled equations
of motion:

. ak, ga

= M 9% P
a! . L. (72)
oo Bka 96
/B N L'IU L'IU (73>

A Laplace transform is performed on the linearized
and decoupled equations of motion, yielding:

9 sak, go

sto = I. I, (74)
$28 = —ka“ - i—ﬂ (75)

The two equations yield the same second order trans-
fer function, given as:

5  Skq g

— 4+ —=0 76
s +Lu} +Lw (76)
s+ 2sCw+w? =0 (77)

The bandwidth and damping ratio are calculated as:

w= /Liw (78)
ka
NI (79)

It can be seen that the damping ratio { increases as
the anti-swing gain k, increases, and that the system
is stable with k, > 0, yielding poles in the left half-
plane. An analytical expression for the anti-swing gain
can now be calculated based on desired damping ratio
and wire length by rearranging Equation (79).

ko = 2C\/ ng

Equation (80) can be used to achieve the desired
damping of the hanging payload and for the purpose of
gain scheduling for systems with a variable wire length
L.

(80)

5 System Simulation

For the simulation, a path controller based on a trape-
zoidal velocity reference is used, as described in Jensen
et al. (2020b). The path controller operates in actuator
space, and uses segments of constant cylinder velocity.
The position reference for each actuator is shown in
Figure 14. The relevant parameters for the simulation
are shown in Table 4.

2 T . :
8
g 1
k3
g
- 0.5
g
Z 0
W
-0.5 Tres ]
. T,ref [m] ‘ ‘
0 50 100 150 200
Time ¢ [s]
Figure 14: Position reference for each actuator.
Table 4: Simulation parameters.
Description Name Value
Slew feedback kp.s 1 rad=!
Slew feedforward krrs 884 s/rad
Main feedback kpm ~ Hm™?
Main out-stroke feedforward k;{f m 30.16 s/m
Main in-stroke feedforward Kipm 18.37s/m
Knuckle feedback .k 20 m~!
Knuckle out-stroke feedforward k}'f, r  26.51s/m
Knuckle in-stroke feedforward &,  14.72s/m
Wire length Ly 2 m
Anti-swing gain kq 5m/s

A plot of the swing angles a and 3 without control
is shown in Figure 15. The pendulum is oscillating
heavily as expected. A plot of the same angles with
anti-swing control is shown in Figure 16. Although
both angles are lower, the angle [ experiences high
frequency oscillations. The source of the oscillations
are identified as the slewing motion itself. Looking at
the slew position error, the high frequency oscillations
occur both with and without anti-swing control, shown
in Figure 17.
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1 1 1
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Figure 15: Swing angles without anti-swing control.
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0.02

0.01

-0.01

Swing angle [rad]
o

-0.02

-0.03

1 1 1
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Time ¢ [s]

Figure 16: Swing angles with anti-swing control.

0.03 [ [ No control
0.02 Anti-swing
k=)
<
= 0.01
S
g 0
=}
g
z -0.01
o
~
-0.02
-0.03 ' ' '
0 50 100 150 200
Time ¢ [s]
Figure 17: Slew position error with and without anti-
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swing control.

To compensate for the oscillations in the slewing mo-
tion, pressure feedback is implemented. By measuring
the load pressure, the control signal is modified by sub-
tracting the high-pass filtered load pressure. Pressure
feedback has previously been used to dampen oscilla-
tions of hydraulic systems, see Pedersen et al. (2016),
Pedersen and Andersen (2018) and Hagen et al. (2019).
The implementation is shown in Equation (81), using
the filter gain k¢, filter frequency w,¢, and load pres-
sure pr. Figure 18 shows the swing angles with anti-
swing and pressure feedback, with k,; = 0.02 bar~!
and wps = 15 rad/s. The high frequency oscillations
in the swing angle 8 are successfully suppressed, and
both angles are significantly dampened compared to
the system without anti-swing control. The position
error with anti-swing and pressure feedback is shown
in Figure 19, showing no oscillations.

k:pfs
Ug = Uy — ———— 81
s s s—l—wppr ( )
0.0t} ' ' ' R
—8
T
=R 0
5]
oD
=]
s
2
g -0.01 1
N
-0.02 - 1
0 50 100 150 200
Time t ¢ [s]

Figure 18: Swing angles with anti-swing and pressure
feedback.
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Figure 19: Position error with anti-swing and pressure
feedback.

To evaluate the performance of the anti-swing con-
troller and pressure feedback, a quantitative analysis
is performed comparing the RMS value of the three
position errors and two swing angles. Table 5 shows
the RMS values when the system is simulated with-
out anti-swing control, with anti-swing control (AS),
and with both anti-swing control and pressure feedback
(AS+PF). Due to the increase in the three position er-
rors, it is clear that the anti-swing controller has a neg-
ative impact. This is expected and tolerated, since the
primary focus of the control system is to suppress the
swing angles. The pressure feedback also gives a nega-
tive impact on the position error. However, looking at
the slew position error e, from Figure 17 and 19, the
elimination of the high frequency oscillations is a big
advantage. For the hanging payload, both the anti-
swing control and the pressure feedback give a large
reduction in the swing angles, with a decrease in the
RMS value of approximately 90 %. The introduction of
the pressure feedback yields a significant improvement
for the angle 8, which is also seen in Figure 16 and 18.

Table 5: Quantitative simulation results.

Variable No control AS  AS+PF
RMS(«) [mrad] 21.21 2.55  2.52
RMS(f) [mrad] 16.97 4.25 1.47
RMS(e,) [mrad] 3.17 9.03 9.73
RMS(e,,) [mm]  0.35 3.21 3.27
RMS(ey) [mm]  1.54 2.79 278

6 Experimental Results

The anti-swing controller is implemented on a Com-
pactRIO connected to the HMF 2020K4 loader crane.

A picture of the test setup is shown in Figure 20. The
sensor used in the experiments is the BNO055 Absolute
Orientation Sensor from Bosch Sensortec. It outputs
three Euler angles and they are all used to calculate
the payload angles a and .

BNOO055
sensor

_IUNGHEWRICH

Figure 20: HMF 2020K4 crane in the laboratory.

There is some deadband in the valves on the HMF
2020K4 loader crane, and therefore deadband compen-
sation has been implemented for the laboratory exper-
iments. The identified deadbands for the valves are
shown in Table 6. The equation for the deadband com-
pensation is shown in Equation (82). By introducing
a small transition region 4, the compensated control

123



Modeling, Identification and Control

signal will be continuous which avoids unnecessary os-
cillations of the spool, while ensuring that the valve will
be able to stay closed when no movement is needed.

Table 6: Identified deadband for the actuators.

Actuator Out, u™ 1In, u™
Slew 0.22 -0.26
Main 0.24 -0.22
Knuckle  0.20 -0.31

ut
min <u+—|—(1—u+)u7 ~u> if u>0
@

U= I (82)
U
max <u +(1+u)u, —~u) else
U
where;

U = compensated control signal

U = control signal

ut = out-stroke deadband

u~ = in-stroke deadband
U = transition region, 0.01

In the laboratory there was identified some drift in
the payload angle sensor. This has been removed with
a digital high pass filter, which is shown in Equations
(83) and (84). This implementation was also used for
the pressure feedback filter.

Yi = kpyio1 + kp(zi — xio1) (83)
T
k= 84
i ) (84)
where;
i = sample number
y = filter output
x = filter input
Ty = filter time constant
T, = sample time, 0.01 s

To avoid filtering out the motion of the payload, the
filter time constant Ty should be larger than the pen-
dulum period T},. The pendulum period is calculated
based on the wire length, shown in Equation (85). Be-
cause of the value of T}, the filter time constant has
been set to Ty = 3 s.

Ly,
T, = 2r, | g“ —2.837s

Due to limited space, a path shorter than the one
used in the simulations is used in the laboratory. The
position reference used in the laboratory is shown in
Figure 21. The parameters used in the laboratory are

(85)
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shown in Table 7. The slew feedback, slew feedforward,
and main feedback have been adjusted to improve po-
sition tracking.

1.8 T T T T T T T T T

1.6 k

——— 0y ey [rad] |
Tipres [m]
Tpref [m]

1.4+¢

12+

1k
0.8
0.6F
0.4r

02 L L L L L L L L L
0 10 20 30 40 50 60 70 80 90 100

Time ¢ [s]

Position reference

Figure 21: Position reference used in laboratory.

Table 7: Parameters used in laboratory.

Description Name Value
Slew feedback kp.s 3rad~!
Slew feedforward krrs  5.67s/rad
Main feedback kpm ~ 15m™!
Main out-stroke feedforward k}rﬁm 30.16 s/m
Main in-stroke feedforward kit 18.37s/m
Knuckle feedback .k 20 m~!
Knuckle out-stroke feedforward k}rf’ r  26.51s/m
Knuckle in-stroke feedforward &k,  14.72s/m
Wire length Ly 2 m
Anti-swing gain kq 5m/s

A plot of the swing angles without anti-swing control
is shown in Figure 22, showing oscillations of the pay-
load as expected. A plot of the position error without
control is shown in Figure 23, showing good tracking
except for the start of the slew actuator motion.

The influence of the pressure feedback turned out to
be significant. The system became unstable without it,
and proper tuning was needed to reach stability. The
parameters used in the simulations, k,r = 0.02 bar~!
and wpr = 15 rad/s resulted in an unstable system.
Different values were tested in the laboratory, and a
plot of different filter configurations is shown in Fig-
ure 24. High gain and low bandwidth yielded a stable
system, and k,; = 0.04 bar~! and wpr = 1 rad/s were
selected.
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Figure 22: Swing angles without anti-swing control.
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Figure 23: Position error without anti-swing control.
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Figure 24: Stable and unstable pressure feedback con-
figurations in the laboratory.

A plot of the swing angles without control is shown in
Figure 25, showing good suppression of the oscillations,
especially of a. The angle § still has some oscillations,
which can be attributed to the fact that this angle is
affected the most by the slewing motion and the in-
stability issues mentioned. A plot of the position error
with control is shown in Figure 26, again showcasing
some difficulty to control the slewing motion. The con-
trol signal from the pressure feedback, before deadband
compensation, is shown in Figure 27. It gives a large
contribution, and even saturates at t=60 s.
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Figure 25: Swing angles with anti-swing control.
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Figure 26: Position error with anti-swing control.
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Figure 27: Control signal from pressure feedback.

The RMS values of the swing angles and position
errors with and without anti-swing control is shown
in Table 8. The angle « is reduced by 75 %, with a
slight impact on position error on the main and knuckle
cylinder. The angle 3 is reduced by 51 %, but has a
large impact on the slew position error, quantifying the
challenges faced with the slewing motion.

Table 8: Quantitative laboratory results.

Variable No control  Anti-swing
RMS(«) [mrad] 7.19 1.75
RMS(B) [mrad] 12.94 6.29
RMS(es) [mrad] 26.12 66.88
RMS(ey,) [mm] 2.91 3.26
RMS(ex) [mm]  2.19 2.36

7 Conclusion

In this paper a 3D anti-swing controller for a hydraulic
loader crane is designed, simulated, evaluated, and ex-
perimentally verified on a hydraulic loader crane. Rel-
evant kinematic functions are derived to enable control
of the swing angles. The motion control system oper-
ates in actuator space, and controls the three hydraulic
cylinders in order to suppress the swing angles during
motion. The kinematic functions are used to transform
the feedback of the swing angles o and S into command
signals for the valves.

Simulation results show a large reduction in the
swing angles using the anti-swing controller. Addition-
ally, oscillations in the slewing motion were identified
and suppressed by the introduction of pressure feed-
back. Quantitative analysis shows a slight increase in
position error, but a 90 % decrease in swing angles with
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the proposed controller. The increase in position error
is expected as the suppression of the swing angles takes
a higher priority.

Laboratory experiments show stability issues with
the slewing motion when using anti-swing control, and
pressure feedback was required to reach stability. Re-
sults show a large reduction of 75 % for the in-plane
angle «, with a small impact on position error for
the main and knuckle cylinders. The slewing motion
proved more difficult to control, with a larger impact
on the slew position error, but still a 51 % reduction
for the out-of-plane angle 8 was obtained.
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Appendix A. Solving the Euler-Lagrange Equations for Hanging Load
Dynamics
Selecting the coordinate ¢ = [a 8]T, the Euler-Lagrange equation is recalled as defined in Equation 6.
doc_oc_
dt 0¢g  0Oq
Expanding the Lagrangian £ = IC — P yields:

1 . : .
L=gmy (mf + 97+ 2+ G212 + A BPL2 + L2 + 2ca8G Ly + 25081 Lay — 254550:G Ly,

+ 200Ut BLuw + 20a8p0t L + 250C3%:0 Ly + 200555130 — 2cacﬁth'w) —mpg (2t — cacpLly)  (A.2)

Solving the Euler-Lagrange equation using the coordinate « yields:

oL . . . .
%0 = mp (—SQCQBQLfU — Sa@t&Ly + cadi Ly — caSaY10 Ly — SaCaUtBLy — SaSaYtLy + cacpzidLy,  (A3)
o
- sasﬂétﬁLw + saclgétﬁw — gSaCBLw) (A.4)
oL .9 . . .
96 = my (aLw + co®tLy — Sa St Ly + sa05thw) (A.5)
d oL . .
o =m, (dL?U +24L oyl — Sait@Ly + caitLey + cadtle
- caSBytde - SaCBthLw - SaSﬂZUth - sasﬁgti/w
+ caCa2t0Ly, — sasﬁz'tBLw + 5aCgZt Ly + Sa652th> (A.6)
doL 0L . .. .. .. . : :
——— ———=m, (caxth — 80580t Ly + SacgZiLy, + aLZ} + 2&L Ly + sacaﬂ2qu + gsacBLw> =0 (A7)
dt 0a  Oa
Solving for & yields:
1 . .
o= T <fcait + 50580t — SaCZt — 20cLyy — SaCaf?Ly — gsa%) (A.8)

Solving the Euler-Lagrange equation using the coordinate 3 yields:

oL . .- . .. .. .3
B =my, (—sacﬁytaLw — CcaSpYtBLy + caCaYtLy — 80584t Lay + caCgZtBLy + casgiiLloy — gcasfng) (A.9)
oL 9 579 . .
a—ﬁ. =my (caﬂLw + caCaYtLoy + ca55th1,,) (A.10)
d oL . . ..
&% =m, (—QSQCadﬁLi) + ciﬂsz + 2BLy Ly,

- Sacﬁytde - CasﬁthLw + Cacﬂgtlﬂw + Cacﬁyth
— SaSgt0eLy, + cacﬂZtBLw + caspZtLy, + casﬂthw) (A.11)
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doL oL . S .
205 = o = my (Caalit D + Caspiila — 25acatBLE + 2Ly Ly + ABLE + geassLy) =0 (A12)
dt o 0B
Solving for /3 yields:
. 1 ) ..
B=— (—esiie = 5% + 25008 Lo — 28L0, — g35) (A.13)
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