37" International Symposium on Automation and Robotics in Construction (ISARC 2020)

Modeling and Control

of 5-DoF Boom Crane

Michele Ambrosino?, Marc Berneman’, Gianluca Carbone?,
Rémi Crépin“, Arnaud Dawans, and Emanuele Garone®

“Service d’Automatique et d’Analyse des Systemes, Université Libre de Bruxelles, Brussels, Belgium
b Vrije Universiteit Brussel,“Entreprises Jacques Delens S.A., Brussels, Belgium

Michele. Ambrosino@ulb.ac.be, marc.berneman@vub.be, Gianluca.Carbone @ulb.ac.be,
Remi.Crepin@ulb.ac.be, adawans @jacquesdelens.be, egarone @ulb.ac.be

Abstract -

Automation of cranes can have a direct impact on the pro-
ductivity of construction projects. In this paper, we focus on
the control of one of the most used cranes, the boom crane.
Tower cranes and overhead cranes have been widely stud-
ied in the literature, whereas the control of boom cranes has
been investigated only by a few works. Typically, these works
make use of simple models making use of a large number
of simplifying assumptions (e.g. fixed length cable, assuming
certain dynamics are uncoupled, etc.) A first result of this pa-
per is to present a fairly complete nonlinear dynamic model
of a boom crane taking into account all coupling dynamics
and where the only simplifying assumption is that the ca-
ble is considered as rigid. The boom crane involves pitching
and rotational movements, which generate complicated cen-
trifugal forces, and consequently, equations of motion highly
nonlinear. On the basis of this model, a control law has
been developed able to perform position control of the crane
while actively damping the oscillations of the load. The effec-
tiveness of the approach has been tested in simulation with
realistic physical parameters and tested in the presence of
wind disturbances.

Keywords -
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1 Introduction

A crane is a type of machine, generally equipped with
a hoist rope, that is used to move materials. Cranes can
be classified in overhead cranes [1]-[2], offshore cranes
[3]-[4], and rotary cranes [5]-[6]. Currently, the automa-
tion of cranes is still in a relatively early phase. To improve
the efficiency and safety of cranes some control approaches
have be proposed using sliding-mode control [7]-[8], op-
timal control [9], adaptive control [10], prediction control
[11], intelligent control [12].

In this paper we focus on the modeling and control of a
very common type of rotary crane, know as ’boom crane’.
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Compared with other cranes, boom cranes have higher
flexibility and lower energy consumption. Therefore,
boom cranes have been widely used in the maintenance
of buildings and to handle masonry in urban streets and
construction sites. There the cranes have a boom that can
rotate in two directions (e.g. pitch and yaw motions) and
the load swing can be split into two dimensions. Conse-
quently, the nonlinear dynamic models of boom cranes are
more complex than those of other types of cranes.

In recent years, a number of studies have been carried
out to solve the control problems of such complex sys-
tems. [13]-[14] proposed the use of S-curve trajectories
as an open-loop control approaches to achieve anti-sway
control for the payload. Moreover, input shaping has been
widely applied to control boom cranes [15]. However, the
open-loop control strategies are sensitive to external dis-
turbances and to model mismatch. Motivated by these rea-
sons, closed-loop control approaches have been proposed.
In [16] the combination of command shaping and feedback
control was proposed which can reduce payload oscilla-
tion. In [17], a state feedback control law based on lin-
earized model is used to achieve the control objectives. In
[18]-[19] the authors proposed a Proportional-Derivative
(PD) controller with gravity compensation based on the
nonlinear model of the boom crane. In [20] the authors
present constrained control for boom cranes.

Most of the existing closed-loop control laws for boom
cranes have two main drawbacks:

1. The dynamic of the hoisting mechanism is neglected
(e.g. thelength of the cable is considered as constant).

2. In the design of the control law, the possibility of
measuring the oscillations of the payload (e.g. angu-
lar positions and speeds) is usually ignored.

In order to address these problems, we propose a con-
trol law that exploits all states of the system to control
it. The proposed control scheme is based on a detailed
mathematical model in which we takes into account all the
degrees of freedom (DoFs) that characterize this type of
system (i.e. the two rotations, the length of the rope, and
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the payload swing angles). Realistic physical parameters
of an existing boom crane are used in simulation tests to
show the effectiveness of the proposed approach.

2 Dynamic Model

Figure 1. Model of a boom crane

The type of crane considered in this paper (see Fig[) is
represented by five generalized coordinates: « is the slew
angle of the tower, S is the luff angle of the boom, d is the
length of the rope, 6 is the tangential pendulation due to
the motion of the tower, and 6, is the radial sway due to
the motion of the boom.

The equations of the motion obtained using the Euler-
Lagrange approach are

Lid + d*@m + @lymCy + (alympCp) [4 — d*6rmSe,
+2ddam — 2d*6,6,mCg, — d*amCy Cg — aPlymSp
~(@BlEmpSap) /4 — 2dd6mS g, + dlgmCpCo,S s
~2ddamCy, Cp, +2d*6,6,mCo, Cy, + d*6imCp, Co, Sy,
+2dirl gmCgSe, + 2dclgmCgSq, — d*6,°mCo, S, S0,
+2dabhlgmCpCo, — 2dflgmSgSe,

+2d°athmCy Co, S, + db11mCpCo, Co,
+2d611gmCpCp, Cy, +2ddbimCy,Co,So,
+dflgmCg,SpSe, — d62lgmCsSe,S,
~2d6,15mCpSe,Se, + df*1gmCsCo,So,
~df,*1pmCsCa,Sa, +2d>46mCq,C3, S,
—d6,"1smCsCo,Sg, — 2d6,6,15mCsCo, Sg, = 1,

¢))

I+ Blm + (Blymp) /4 + glgmCgs + (glpmpCg) /2
+(a*15mSap) /2 + (&P 1mpSas) /8 — dlpmSsSe,
~dlgmCyCo, Co, + da*1gmSpSe, + dby 1gmSSe,
—d61gmCe,Sp — 2d61pmCe,Sp + df115mCsCo, S,
+d61pmCpCo, S, +2d6115mCsCo, S,
+2d6,1ymCpCo, Sg, + ditlgmCo,SpSe,
+2dcrlgmCo,SpSp, +dby 1mCsCo,C,
+d6,"15mCsCo, Co, — 2d6,6,15mCsSp, Sq,
~2dabrlgmSgSe, Se, +2dadi1gmCe,Co,Sp = ua,
2

dm — di*m — d6y m — délzmcgz — gmCe,Co,
+dd2mC§I Céz - BleSBSQZ - dlemCBng
—,leBmCﬁng + 2dd92m591 _BleCﬁCQI ng
+C'ZleC/gC92591 +ﬂlemC91 CQZS/;
—2dd91mC91 Co, S0, — 2@BleC925559| = us,

3)

dmCa, (gSg, +2d6,Co, +d6Co, — B*15SpS,
~2d6,6,S g, + @lpCpCa, + diCe, Sg, +2daCe,Sg,
+AlpCpSe, — di*Co,Cp, S, +2dib,Cy, Co,
~20B1Cq,Sp) =0,

4)

—dm(d@Sg, — 2dby — d6, +2daSe, — gCg,Se,
~(d6)”S120,) /2 + &*15CsCa, + fA15CsCo,
+B15Co,Sp + *15Co,SpSe, + di*Cg Co, S,
+2d6Co,Cy, — BlgCpCo, S, + &l5CpSe, So,
—~201pSpSe,Se,) = 0.

(&)

where m, m, denote the load mass, and the boom mass,
respectively, [, is the boom length, /; is the inertia moment
of the tower, and [, is the inertia moment of the boom.
Moreover, the following abbreviations are used:
Sa £ sin(a), Sg £ sin(B),Se, = sin(81).Se,
sin(6,), Cqo cos(a),Cg cos(f), Ce,
cos(61),Cg, = cos(62).

> 1>

The system dynamics (1)-(5) can be rewritten in matrix
form as

M@+ Cla.a+Gl) = [

(6)

u?

where q = [a, B, d, 01, 6,17 € RS represents the state
vector, and u = [uy,u,u3]’ € R3 is the control input
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vector. The matrices M(q) € R3*>, C(g,¢) € R>*3, and
G(q) € R represent the inertia matrix, centripetal-Coriolis
forces, and gravity term, respectively.

As one can seen from (6), the boom crane is an under-
actuated system, having fewer independent actuators than
system degrees of freedom (DoFs). Thus, we can rewrite
its model as

Mi1(q)g1 + Mi2(q) g2

N N @)
+C11(q,9)q1 + C12(q, 4)g2 + G1(q) = U,

M>1(q)g1 + Mxn(q)ga + Ca (g, )4

8
HOn(0.D)dn+Ga(q) =0,

where g1 = [@ B d]7 isthe vector of actuated states

and g» = [6;  6>]7 of non-actuated states and
[my mi mis - ]
mys mis
Myi(q) = |my mpn my|,Mpn(q) = ,
Mys M5
|m31 m3  m33] . -
[may may maz) (may 0|
M (q) = .M (q) = 0 ,
|ms1 msy  ms3 | I mss |
[ci1 ci2 cu3)
. . ci4 C15
Cii(g.q) =|ca cn c23|,Ciig.q) = ,
c2 €25
[c31 32 €33
et car cas . caa 0
C = C =
21(q,4) cs1 e s’ 2(q,4q) 0 ess|”

0 g ui
Gi(q) = |& ,G2(4)=[4]7U= us| .
85
83 us

3 Control Design

The aim of the control is to move the crane to the desired
position and to dampen the swing angles of the load. In
our development we will consider the following reasonable
assumptions.

Assumption 1 The payload swing are such that |0, 2| <
5.
Assumption 2 The cable length is always greater than

zero to avoid singularity in the model (6), i.e. d(t) >
0,vt > 0.
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As one can see, (8) can be rewritten as

G2 = —M5, (q)(Ma1 (@)1 + Ca1(q, §) 41

N )
+C(q,4)g2 + G2(q))-

It is worth noticing that in (9) the M»,(g) is a positive
definite matrix due to Assumptions (1)-(2).

Substituting (9) into (7), one obtains

M(q)gy +Ci(q,4)¢1 + Ca(q,4)¢2 + G(q) = U,

where

(10)

M(q) = M11(q) — Mia(q@) M3, () Mai(q),

Ci(q.9) = C11(q.4) — Mi2(9)M5, (9)C12(q. 4).

C2(q.4) = Ci2(q. 4) — Mia(9)M3, (9)C22(q. 4).
G(q) = G1(q) - Mia(9) My, (9)Ga2(q).

According to Assumptions (1)-(2), the matrix M is pos-
itive definite. Then, (10) can be rewritten as

g1 =M (9)(U - Ci(q,9)d1 - Caq,9)d2 - G(9))
an
Substituting (11) into (9) yields

Go = M5, (¢)(Ma1 ()M (¢)(=C1(q. 9)¢1 - C2(q,4) 42

-G(q) +U) + C21(q,§) g1 + Cn(q. §) 42 + G2(q)).
(12)

Following the classical approach of a feedback lin-
earization technique, (11) can be “linearized” by using
the control law

U= M(q)v+Ci(q:9)dq1 +Ca(q: )42 + G (q).
Thus, (11) becomes

13)

g1 =v, (14)

where v € R? as additional control inputs.

To move the crane to the desired position, the additional
control inputs (14) can be chosen as

v ={1g — Kaa (g1 = g1a) — Kap(q1 + q1a),  (15)

where K,q = diag(Kaa1,Kaaz, Kaas), Kap =
diag(Kap1, Kap2, Kap3) are positive diagonal matrices.
Substituting (15) into (14), we obtain

g1+ Kaadr + Kapdr =0, (16)
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where § = g1 — q14 is the tracking error vector of
the actuated states. (16) is exponentially stable for every
Kaq > 0and Kyp, > 0.

To stabilize the non-actuated states g,, following what
is proposed in [21], we define a second additional inputs
as

Vu = —Kuags — Kupq2’ an

where v,, € R? are additional inputs which take into
account the non-actuated states, K,g = diag (K, 41, Kuaz),
Kap = diag(K,p1, Ky p2) are positive diagonal matrices.

Considering g1z = const, the overall additional inputs
are proposed by linearly combining (15) and (17)

v =-Kaaq1 — Kap(q1 — q1a) — @(Kyag2 — Kupq2),

(18)
where
(07 0
a=10 a (19)
0 O

is a weighting matrix.
Substituting the (18) into (13) the overall control law is
obtained as

U=(Ci(q.9) — M(q)Kaa)§1 + (C2(q.q) = M(q)aKua)g>
_M(Q)Kup(QI - q1d) - M(Q)aKupQZ + G(q)

(20)

Replacing (20) into (12), we obtain

§o = M, (q) (—M21(q) (Kaad1 + Kapq

721=01, z2=01, z3=02, z4=0,.

Then, we obtain the following state-space forms:

+a(Kuaqr + Kupg2)) + C21(q, )1 + C22(q, 4) g2 + G2(q)).

2n

Considering Assumption 1, in the rest of this Section we
have to demonstrate that (21) converges to the equilibrium
point expressed by: g2 = g2 = 0 to achieve the control
goal.

Setting g1 = q14 in (21), one achieves

Go = —My) () (—M21(q) (@ (Kuada + Kupq2))

(22)
+C2(q, 4)42 + G2(q)).

The stability analysis of (22) is analyzed by linearizing
(22) around the equilibrium point g, = ¢ = 0.
‘We can rewrite (22) as

21 = 22, (23)
2= h1(2), (24)
23 =24, (25)
24 = ha(2), (26)
withz =[z1 2o 23 z4]7 asastate vector. Lineariz-
ing (23)-(26) around z = 0, we obtain
z= Az 27
where
0 1 0 0
Ohi O Oh Ol
A= 0721 9z 073 0z4
0 0 0 1
Ohy  Ohy  Ohy  Ohy
071 02 0z3 9z4 4 720 (28)
0 1 0 0
_|a aln 0 0
10 0 0 1
0 0 ay ax
The non-zero elements in (28) are the flowwing:
—a1Kpui1lgcos
ay = - (g 1 p;l B ﬂ)’ (29)
Kaunl
ap = D0 dul B0 duldBcos'B, (30)
(g + a2Kpuslpsinp)
ay = - y , 31)
Kauolpsi
ay, = — 2o BNP ZBS’”B : (32)

The linearized system (27) is stable around the equilib-
rium point z = 0, if the A matrix (28) is a Hurwiz matrix.
Therefore, it is necessary to properly choose the control
parameters that appear in (29)-(32). In this way, (27) is
stable around equilibrium point z = 0, which leads to the
local stability of (21). In the Section 4 the values for each
of the control parameters are listed.
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4 Simulation Results

In this section, three different simulation scenarios will
be shown to demonstrate the proposed control scheme. In
each of them the goal is to move the crane to a desired
position and to reduce the swings of the payload as much
as possible. In the second and third simulation, the effects
of a gust of wind for the payload will be shown.

To get realistic values for the simulation tests, we con-
sider a small boom crane: the NK 1000 Mini Crane from
NEMAASKO [22]. Some parameters are taken directly
from the datasheets. Others, like the boom dimensions
were estimated by CAD simulations.

The crane system parameters are selected as follows:

I, = 207.13kgm?,
Ig = 2068kgm?,

Ip=62m, mp=312.2kg,

g=9.8Ims2, m=50kg.

The control parameters for controller (18) are set as
Kaa = diag(100,100,150), K,p = diag(10,20,50),
Kua = diag(120,120), K, = diag(10,10), a; = -1,
ap = sign(B).

Scenario 1. In this simulation scenario, we show the
performance of the proposed control law described in the
Section 3. The goal is to move the crane to a desired
configuration while damping the payload swing angles as
much as possible. In this first scenario no external dis-
turbances to the crane will be considered. The simulation
results are shown in Figg.2-6. We can see that the boom
arrives at the desired positions in around 30 seconds, Ad-
ditionally, the maximum payload swing amplitudes in the
two directions are confined in —2.5° and 1°, respectively.
In Fig.7 the input controls are shown. For the boom actu-
ator following the [22], the limit of the working range of
the crane is of 210kg for the payload mass with a boom
length of 8.9m then the maximal torque should be around
Urmax = 18.2kNm. The values of the other two inputs do
not represent a problem as the inputs values are reasonable
and well within the typical limits of the crane actuators.

Scenario 2. In this simulation scenario, we consider a
gust of wind as external disturbance for the crane. The de-
sired configuration for the crane is the same of the previous
scenario. In this case the controller must be able to coun-
teract the effect of wind during the whole movement of the
crane. The perturbation seen by the system will be char-
acterized by a duration and a time dependent amplitude.
Concerning the first one, a study from a meteorological
center of the Netherlands reported that wind gusts have
periods of 2 to 7 seconds with average speeds comprised
between 4 and 20 m/s [23]. The force applied on the
payload can be seen as distributed force F = % pV?A,Cp,
where V is the wind average gust speeds, and A, is the sur-
face exposed to the wind. According to [24], Cp = 1.05
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will be chosen. Assuming ISA conditions at sea level,
p=1225[kg/m?].

In this Scenario, we consider a force that acts laterally
to the load (e.g. increases the swing angle 6;). In this
scenario, only one gust of wind will occur when the sim-
ulation is at 20s. In our simulations, the wind speed will
have a trapezoidal shape (e.g. increase linearly from zero,
constant for a time window and finally linearly decrease to
Zero).

As one can see in Figg. 11-12, due to the wind gust, the
swing angle 6; increases and consequently also the angle
6, oscillates. To counteract this effect, the controller mod-
ifies the tower angle « (Fig.8 and Fig.13) and the boom
angle S (Fig.9 and Fig.13) to reduce the swing angles as
fast as possible. The small effects on the length of the
cable can be seen in Fig.13, where one can see that the
force on the cable changes a little.

Scenario 3. In this Simulation scenario, the main effect
of the wind is on the angle 8,. In this case, the swing
radial angle increases (see Fig.18) and consequentially the
controller modifies the value of the luff angle (Fig.15) and
the length of the cable (Fig.16) to reduce the oscillations
as much as possible. There are no significant effects on
the angle 61, therefore no changes are required for the slew
angle @. As one can see in Fig.19, to quickly counteract
the effect of the wind, the control input u, reaches its limit
value and then decreases.

B o

Tirr:;(s)

Figure 2. Scenario 1. Tower angle a. Red line:
Desired reference. Blue line: Simulation result.

)

o To B

o 50 so

Er)
Time(s)

Figure 3. Scenario 1. Boom angle 3. Red line:
Desired reference. Blue line: Simulation result.

5 Conclusion

The paper proposed a detailed mathematical model of a
boom crane which takes into account all of the degrees of
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Figure 4. Scenario 1. Cable length. Red line: Figure 9. Scenario 2. Boom angle §. Red line:
Desired reference. Blue line: Simulation result. Desired reference. Blue line: Simulation result.
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Figure 5. Scenario 1. Payload angle 6. Figure 10. Scenario 2. Cable length. Red line:

Desired reference. Blue line: Simulation result.
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Figure 8. Scenario 2. Tower angle @. Red line:

Desired reference. Blue line: Simulation result.
Figure 13. Scenario 2. Control inputs
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Time(s)

Figure 14. Scenario 3. Tower angle @. Red line:
Desired reference. Blue line: Simulation result.
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Figure 15. Scenario 3. Boom angle 5. Red line:

Desired reference. Blue line: Simulation result.
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Figure 16.
Desired reference. Blue line: Simulation result.

I

o i) ER) o

Time(s)

s0 o

Figure 17. Scenario 3. Payload angle 6.
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Figure 18. Scenario 3. Payload angle 6,.

Scenario 3. Cable length. Red line:

freedom (DoFs) that characterize this type of system (i.e.
the two rotations, the length of the rope and the payload
swing angles). Despite the complexity of the model, we
design a nonlinear control law that exploits all the states of
the model to guide the crane towards a desired reference
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Figure 19. Scenario 3. Control inputs

and ensuring that the non-actuated variables (i.e., #; and
6») go to zero in a fast way. The simulation results with
realistic physical parameters show the efficiency of the
proposed control scheme even in the presence of wind
disturbance.
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