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Tool Center Point Position Control of a Mobile Concrete
Pump *

J. Henikl ®*, W. Kemmetmiiller #, A. Kugi®

* Automation and Control Institute, Vienna University of Technology, Vienna, Austria

Abstract

Booms of modern mobile concrete pumps are vulnerable to elastic vibrations due to the light-weight construction. Although
these vibrations can be effectively damped with appropriate controllers, the residual movement of the tool center point (TCP)
during the pumping process is still uncomfortable for the workers guiding the end hose. This movement can be compensated with
a simple position controller for the last joint of the boom in combination with a damping controller. The required measurement
of the height of the tool center point is, however, difficult in practice. In this paper, a strategy for the determination of the height
of the tool center point based on the kinematic description of the boom is proposed. For this purpose, the measurement of the
inclination of each boom segment with inertial sensors in combination with an observer concept is presented which circumvents
the disadvantages of tilt sensors. It is shown that a complementary filter design utilizing an additional inertial sensor placed on
the tool center point allows for the practical implementation of a PD control loop which effectively compensates the vertical
movement. The estimation and control concept is evaluated by means of simulation studies on a validated mathematical model
of a mobile concrete pump.

Key words: flexible link manipulator; hydraulic actuators; concrete pump; feedback control; sensor fusion.

1 Introduction period of the pumping cycle is near to the resonance
frequency of the boom, the resulting large elastic vibra-
tions can be dangerous for the workers at the end hose.
For this reason, the development of tailored mathemati-
cal models and the design of control strategies for active
vibration damping is a topic of current research.

The development in the construction of booms of mod-
ern mobile concrete pumps, see, e.g., Figure 1, is driven
by the requirement of a reduction of the static load. A
boom with less weight enables a higher operating range
and the usage of trucks with a smaller number of wheel
axles. However, the reduced weight yields also a reduced
stiffness which makes the system vulnerable to elastic
vibrations. These vibrations, which are primarily stim-
ulated by the pumping of wet concrete and the manual
control of the boom movement by the operator, compli-
cate the operating of such systems. The vibrations due
to the boom movement can be reduced by experienced
operators. However, a reduction of the excitations dur-
ing the pumping process is very difficult. This excitation
of the system is caused by the non-homogeneous flow of
the wet concrete, which cannot be avoided due to the
construction of the double piston concrete pump. If the
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An extensive discussion of the modeling and the control
of mobile concrete pumps is given in [17]. The results are
validated by means of simulation studies. In [1] and [2],
a decentralized control strategy with so-called virtual
spring dampers is presented. The experimental results
show that the elastic vibrations can be damped effec-
tively. Furthermore, the contribution [3] deals with the
modeling and the control of the boom as well as with a
model for the pumping unit of a mobile concrete pump.
In [7] and [8], an experimentally calibrated simulation
model for a typical mobile concrete pump is presented.
This simulation model is used in [9] for the validation
of a passivity-based, decentralized control law for the
damping of elastic vibrations. The control strategy is an
extension of the results for a single rotating beam pre-
sented in [12] and [13]. A stability proof for this concept
is given in [10]. Furthermore, experimental results are
presented that show the effectivity of the control law.

These scientific contributions show that effective meth-
ods for the active damping of the elastic boom vibrations
exist. With the application of such control strategies,
the manual operation of the boom is much simplified.
Furthermore, the appearance of resonance phenomena
during the pumping process is avoided. However, these
control strategies do not explicitly account for the move-
ment of the tool center point (TCP) of the boom. In par-
ticular, the vertical movement of the tool center point
caused by the pumping process will be only partly com-
pensated. The residual movement is still uncomfortable
for the worker guiding the end hose. In [15], a simple
position controller is proposed, where the vertical TCP
movement is compensated by actuating the last joint.
To measure the TCP height, ultrasonic sensors, laser
sensors and string potentiometers, where the free end of
the cable is fixed on the belt of the worker guiding the
end hose, are suggested. However, these measurement
principles turned out to be not useable in practice. The
string potentiometers are uncomfortable and an unob-
structed space between the emitting source (ultrasonic
or laser) and the reflecting reference level could not be
guaranteed. Thus, none of the proposed systems reached
acceptance on the market. Up to now, no practicable di-
rect measurement principle for the determination of the
TCP height exists. One possible solution to the TCP
height estimation would be an extended Kalman filter,
which is based on the dynamic model of the system. Due
to the large variety of boom types and the high model-
ing effort, this is not reasonable for practical application.
Furthermore, the disturbance forces due to the concrete
pumping are commonly unknown and very difficult to
estimate.

In this paper, a concept for the measurement of the TCP
height is presented, which is used to realize a position
control loop with a simple PD controller at the last joint
of the boom. This control strategy is added to the active
damping strategy proposed in [9] and [10]. The estima-
tion of the TCP height is based on a kinematic model

of the boom, using IMUs (2 axial acceleration sensor, 1
axial angular rate sensor) at each boom segment. Fur-
thermore, an extended sensor configuration is consid-
ered, which applies an additional acceleration sensor to
the TCP. The measurements of these sensors are fused
by means of observers and complementary filters, see
also the extensive literature on sensor fusion in attitude
estimation tasks [4,5,14,16,19].

The quality of the proposed estimation strategy is ana-
lyzed by means of experimental results of a mobile con-
crete pump. The overall control strategy, comprising the
damping and the position controller, is validated using
simulation studies of a validated model.

This paper is organized as follows: In Section 2, the
derivation of the mathematical model of the considered
mobile concrete pump is briefly summarized. Since the
proposed control strategy strongly relies on an actively
damped boom, the most important issues concerning
the utilized damping controllers are given in Section 3.
The PD controller, the rigid body simplification, the ob-
server and the complementary filter design are presented
in Section 4. In Section 5, simulation results of a vali-
dated model are shown that demonstrate the effectivity
of the proposed strategy. Finally, a short conclusion and
an outlook are given in Section 6.

2 Dynamic model

For the analysis, the design and the verification of control
strategies, a simulation model of the mobile concrete
pump has been developed. For the sake of completeness,
the model derived in [8,7] is summarized in the sequel.

2.1 Modeling of the mechanical subsystem

The following assumptions and simplifications are made
for the mathematical model of the boom.

e The boom is considered as a planar manipulator.

e The truck’s movement due to the dynamic load of the
boom is neglected.

e The boom segments are modeled as Euler-Bernoulli
beams.

e The pumping of the concrete is considered as a dis-
turbance acting on the system.

In Figure 2, a planar flexible manipulator with N =
4 beams and the corresponding hydraulic actuators is
illustrated. The degrees-of-freedom are the rigid-body
angles ¢; and the transversal deflections w;(z;) of the
beams fori =1, ..., N. The overall motion of the system
is described with respect to the inertial frame Ogzoyo.
Each beam is equipped with a local coordinate frame
0;x;y;, where the angle ¢; describes the rigid-body mo-
tion of the i-th beam relative to the beam i — 1. The
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Fig. 2. Flexible manipulator with hydraulic actuation.

boom segments exhibit a bend at their beginning for
i > 2. For this reason, the x;-axes do not cross the joints
for i > 2. This geometry, which is typical for mobile con-
crete pumps, is considered by the distances D;, which
are defined by the normal distance between the z; axes
and the tangential at the end of the bending line of the
previous beam i — 1. By means of a suitable choice of
the orientation of the local coordinate frames, the cylin-
der piston position can be described as a function of the
respective rigid-body angle ¢; only. With this, the geo-
metric boundary conditions for the beam deflections are
given by

w1(0) =0, (1a)
w1 (zm) =0

for the first joint ! and
! The boundary conditions of the first boom segment differ

due to the different assembling of the first hydraulic cylinder
at 1 = Tm, see Figure 2.

w; (0) =0, (2a)
| =0 (2b)

x;=0
fori=2,...,N.

The kinetic and potential energy of the system are the
basis for the derivation of the mathematical model. For
this, the positions and the velocities of each mass parti-
cle are described in the inertial frame Ogzoyo. The kine-
matic relations between the local and the inertial coordi-
nate frames are given by rotation matrices and transla-
tion vectors. This transformation can be calculated in a
straightforward way, see, e.g., [6], [18] and more specific
for the considered mobile concrete pump, [7] and [8]. The
inertial coordinates of a mass particle of the i-th beam
located at ri(z;) = [z, wi(x;)]T, described in the i-th
local coordinate frame (subscript), can be calculated by

ro(zi) = Ror;(z:) + dp. ®3)
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The rotation matrix R = RjR?...R!_|, with

R = {cos(gol) —sin(apl)} )

sin(p1)  cos(¢1)

and

+1
- |

[cos(cpj+1) sin(<,0j+1)}
sin(pj1)  cos(pjt1)

(5)

for j =1,..., N — 1, describes the rotation of the local
coordinate frame 0;x;y; with respect to the inertial frame
00zoyo- The length of the corresponding beam is denoted
by L;. Similar to [6] small deflections and thus

arctan | — ~
axi zi=L; 89:1

are presumed. The displacement dj, between the local
coordinate frame 0;x;y; and the inertial frame Opxoyo
reads as

=w;'(Li)  (6)

=Ry )

with d} = [0,0]” and

_ : 0 Li
d =R’ + |
S [Da] [ 0

for j=2,...,N.

Based on these kinematic relations and the Euler-
Bernoulli assumptions, the kinetic and the potential
energy of the system can be calculated. To account for
non-conservative damping forces, viscous damping of
the beams is included by means of the Rayleigh dis-
sipation function. Due to the distributed-parameter
character of the beams, the mathematical model of the
system is given by a set of partial differential equations.
To obtain a finite-dimensional approximation, hence-
forth the Ritz method is employed. For this purpose, a
polynomial approximation n?(z;) of the static bending
profile due to gravity of each beam is taken as the first
basis function. Orthogonal polynomials nf(x;) are used
as second basis functions [8], [7]. The approximated
elastic beam deflections are defined by a superposition
of the introduced basis functions

wi(wi,t) = B ()07 (@) + b ()7 (), 9)
fori = 1,..., N, with the time-varying variables h?(t)

and h¢(t). The overall degrees-of-freedom of the math-
ematical model, composed of the rigid-body angles ;

and the elastic degrees of freedom h? and h?, are com-
bined in the vector

T
q:[npl,...,<pN,hl1’,...,hlj\,,h‘l’,...,h?\,] . (10)
The cylinder forces F; of the hydraulic part serve as in-
puts to the mechanical system. Due to the special choice

of the local coordinate frames 0;x;y;, the cylinder piston
positions s, ; only depend on the rigid-body angles ¢;,

spi = fi(ei), (11)

fori=1,..., N, and the vector of the generalized forces
Q. describing the dynamic interconnection of the hy-
draulic system with the mechanical system can be cal-
culated by means of d’Alembert’s principle in the form

9f1(p1) Ofn(en)
T_|F L F
Qz 1 8@01 ) N a@]\]

.0,...,0,0,...,0] .
(12)

The functions f;(p;) are defined by the geometry of the
joint construction. To analyze the influence of exter-
nal disturbances on the behavior of closed-loop systems
(e.g., the pumping of wet concrete), a disturbing force
F, acting on the tool center point in vertical direction
is considered in the model. The usage of d’Alembert’s
principle yields

ord (Ly)

R

(13)

The application of the Euler-Lagrange equations

dor T OV  OR o
aa—q—a—q'i'a—q‘FE*Qz"‘Qd (14)

finally yields the simulation model of the mechanical
part of the system. The resulting equations of motion
can be written in the form

M(q)§ +c(q,q) + Da+gla) = Q, (15)

with the positive definite inertia matrix M(q), the vector
of Coriolis and centrifugal forces c(q,q), the damping
matrix D and the vector of forces g(q) related to the
potential energy.

2.2 Modeling of the hydraulic subsystem

To fulfill the increased dynamic requirements for the ap-
plication of advanced control strategies, the considered
mobile concrete pump comprises a modified hydraulic
architecture with control valves directly mounted at the
hydraulic cylinders. For a detailed discussion of this hy-
draulic system the reader is referred to [9]. The dynamic
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behavior of the hydraulic actuators is defined by the dy-
namics of the hydraulic cylinders and the proportional
directional control valves. The differential equations for
the chamber pressures p; and po take the form

: B

p1 = m(*Alvar%)a (163«)

o (A —a), (16)
P

with the bulk modulus of oil 3, the piston areas A; and
Ao, the offset volumes V1 and V2 and the velocity v, =
5p. The volume flows ¢; and ¢ are determined by the
valve position s, and the pressure difference,

o= «Q %Avl(sv)\/ps —P1 Su 2 0 (17a)
o %Avl(sv) P1— Pt Sv < 07
2
0= « ;AvZ(sv) VP2 — Pt Su 2 0 (17b)
« gAvZ(sv) Ps — P2 Sy < 07

where o denotes the contraction coefficient, p the oil
density, ps the supply pressure, p; the tank pressure and
Au1(sy) and A,a(s,) are the opening areas of the valve
to chamber 1 and 2, respectively. The resulting cylinder
force F' acting on the mechanical part of the system can
be calculated by

F=pA —paAs — FR(Up), (18)

where the first part accounts for the pressure force gen-
erated by the cylinder and Fr(v,) summarizes the fric-
tion forces of the cylinder.

3 Active damping control

In this section, the control strategy for the active damp-
ing of the elastic vibrations of the boom is described.
The motivation, derivation and proof of stability of the
presented passivity-based control law is presented in [9]
and [10]. The basis of the control law is the assumption
that the angular velocities ¢, can be assumed as vir-
tual control inputs to the system. This can be achieved
by means of the so-called servo compensation applied to
the hydraulic actuators, which compensates their non-
linear behavior, and the assumption that the rigid body
dynamics in combination with the hydraulic system is
much faster than the dynamics of the elastic boom move-
ment. This assumption is feasible for the considered mo-
bile concrete pump, see [9].

It can be shown by the analysis of the time derivative of
the total energy of a planar manipulator with an arbi-
trary number IV of serially linked Euler-Bernoulli beams

as given in Figure 2 that the local feedback of the dy-
namic part of the beam flection at the boundaries x; = 0
for i = 1,..., N renders the system dissipative if the
joint angular velocities can be assumed as control in-
puts. 2 Thus, the joint angular velocities and the beam
flections represent the collocated pairings of the system,
cf. [10].

However, the feedback of the beam flections alone does
not lead to an asymptotically stable behavior of the over-
all system. For this purpose, the addition of a position
controller for each joint is necessary. The control law
used for the active damping of the considered system is
then given by

— ki (pi — ), (19)

with the desired joint angle ¢ and the controller pa-
rameters ky ;, k2 ;. The damping injection is proportional
to the coeflicients k; ;, while higher values of ks ; cause
a faster decay of position errors. It is shown in [10]
that the application of (19) with arbitrary coefficients
k1,,k2; > 0 leads to an asymptotically stable overall
system in any configuration of the related rigid body an-
gles if the underlying velocity controllers are ideal.

The application of the control strategy to the consid-
ered mobile concrete pump is discussed in the following;:
The beam flections and the joint angles are measured
by strain gauges and inclination sensors. Due to gravity,
the stationary beam flection is in general different from
zero and has to be subtracted from the measurement sig-
nal previous to feeding it to the damping controller. The
calculation of this stationary beam flection is, however,
not accurate due to the limited model accuracy. There-
fore, high-pass filters are used instead for the extraction
of the dynamic part of the signal. Figure 3 illustrates the
implementation of the control strategy for a single boom
segment with the index i. The system is represented by
the boom and the hydraulic actor HA;. The beam flec-
tion, given by the strain gauge signal es¢ ;, is filtered by
a high-pass filter HP;. The control input u; = uf + u¢
consists of the part u¢ desired by the operator or a higher
ranked control system and the feedback part u§ accord-
ing to (19). The corresponding valve position s, ; is ob-
tained from the servo compensation SC;.

4 PD control of the tool center point

Simulation studies show that the remaining movement
of the tool center point (after applying the damping con-
troller of the previous section) can be compensated effec-
tively with an additional PD position controller for the

2 Note that the beam flections are proportional to the re-
spective joint torques.
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Fig. 3. Control structure for the i-th beam.

last joint of the boom. The simulations are based on the
model developed in [7] and [8]. In Figure 4, the simulated
vertical movement of the tool center point yr = ré’y (Ly)
(which is the yo coordinate of the vector rg(L4)) during
a periodic excitation of the boom by a vertical acting
force Fy at the tool center point is illustrated.

0 10 20 30 40
t[s]

—— Uncontrolled system
- = = Active damping control

Active damping and PD control

Fig. 4. PD control assuming ideal measurement of the TCP
height.

In this scenario, the quasi steady-state behavior (all
transient processes due to the beginning of the pump-
ing process are decayed) of the boom (i) without any
feedback control, (ii) with active damping control and
(iii) the combination of active damping and PD con-
trol is compared. The shape, the period and the ampli-
tude of the disturbance force Fy is chosen such that the
pumping process is qualitatively approximated, see, e.g.,
[3,11]. The reason for the special shape is the discontinu-
ous transition between the cycles of the concrete pump.
The amplitude of 700 N relates to the weight of the wet
concrete fitting in the end hose. The chosen cycle time

of 0.3 Hz is typical for real pumping units. The chosen
joint angles ¢; = 10° and @9 = @3 = ¢4 = —10° repre-
sents a sprawled boom configuration, which is pose with
a relatively low rigidity, see Figure 5.

5/—\\

Fig. 5. Boom configuration pumping scenario.

Figure 4 shows that with active damping control the
movement of the tool center point is considerably re-
duced. However, the residual movement cannot be com-
pensated with the damping control alone and is still un-
comfortable for the worker guiding the end hose. How-
ever, assuming that yr can be measured, the movement
can be further reduced to a few cm with an additional
PD controller of the form

S

Rpp(s) = krp + kT,DTSTR7

(20)

with the Laplace variable s and Ur(s) = Rpp(s)Yr(s)
with the Laplace transforms Yr(s) and Ur(s) of the mea-
sured output y7 and the control input ur (the desired
angular velocity of the last joint), respectively. The con-
trol input up and the resulting movement of the last joint
are also illustrated in Figure 4. The coefficients k- p und
kr p have been tuned by means of the Ziegler-Nichols
method and the time constant Tk is chosen to reduce
the influence of measurement noise.

In practice, the desired value for the height of the tool
center point is defined by the operator in the idle state
(no pumping of concrete). Since the exact amount and
weight of wet concrete in the pipes is unknown, an ac-
curate calculation of the idle state is not possible. Thus,
instead of controlling the height directly, only the vari-
ations are minimized. Therefore, a high-pass filter

S
Grp(s) = aT— (21)

with the cutoff frequency wyp chosen to wyp = 157! is
proposed for the extraction of control error. A possible
drift of the height of the tool center point due to the high
pass filter is avoided by the position controller of the
active damping control, see (19). The resulting structure
of the control loop for the considered system is illustrated
in 6.

The simulation results in Fig. 4 show that the vertical
movement of the tool center point can be significantly
reduced with this relatively simple position controller.
For this purpose, however, the measurement of the TCP
height is necessary.
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d,d,d.,d
Uy Uz Uy Uy

L

Boom with active yr
damping control

ur

A

RPD(S) [ GHP(S)

Fig. 6. PD control loop assuming ideal measurement of the
TCP height.

4.1  Measurement of the TCP height

As discussed in the introduction, no measurement prin-
ciple for the direct determination of the TCP height (i.e.
the ground distance) is known, which meets the require-
ments of the practical application. Therefore, the aim is
to estimate the height, if possible by means of the avail-
able sensor configuration only.

The height of the tool center point depends on the joint
angles and the elastic deformation of the boom segments.
The kinematic description of the system can be approx-
imately simplified to a rigid body problem if the inclina-
tions in the middle of the boom segments are measured.
This can be motivated by taking a look at Figure 7,
which illustrates two deformed boom segments with the

Inclination
Sensor 1%

Joint 7 4+ 1

Joint ¢ — 1

Fig. 7. Rigid body approximation with inclination measure-
ment.

indices i and 7 — 1 of a planar, flexible manipulator. The
joint angles are again denoted by ;. According to the
mean value theorem there exists at least one point on the
bending line of each boom segment, where the tangent

of the bending line is parallel to the straight line, which
connects the neighboring joints ¢ — 1 and 7. If the profile
of the bending line is approximated by a circular arc,
this point is exactly in the middle of the boom segment.
Thus, the difference of the measured inclinations 9; and
;1 of sensors mounted at these points corresponds to
the enclosed angle ¢; of the straight lines between the
joints, @; = 9¥; — ¥;_1. Under the additional assump-
tion of small beam deflections, the distance between the
joints is given by the length of the corresponding boom
segment. With these prerequisites, the coordinates of the
tool center points in the inertial frame can be described
in the form

£y (Ly) = RY'TN (L) + 47, (22)

using a similar notation as in Section 2. The vector
tN(zny) = [zn,0]T denotes the coordinates of a point
on the xzy-axis, defined in the local coordinate frame
Onznyn. The rotation of the local coordinate frame
Onznyyn with respect to the inertial frame Opzoyo is
given by R) = R{R?...RY_, with

(23)

R, =

—i {cos(goi) sin(cpi)}
sin(@;)  cos(@;)

fori =1,..., N. The displacement dj, between the local
coordinate frame 0;z;y; and the inertial frame Ogzoyo
reads as

ah =Ry dL, +ag 1)

with df = [0,0)7 and &*' = [L;,0]7 for j = 1,...,N.
Alternatively, a formulation of (22) can be found which
directly uses the measured inclinations ¥;. The height
of the tool center point yp is then determined by the
yo-coordinate of the vector ) (Ly).

The drawback of this approach is that an accurate mea-
surement of the inclinations ¥J; is difficult, especially in
dynamic movements. Sensors available on the market,
are typically composed of accelerometers with two or-
thogonal axes designed in MEMS technology. Any trans-
lational acceleration of these sensors results in a mea-
surement error since the movement cannot be distin-
guished from the change of the orientation in the gravita-
tional field. In particular, elastic vibrations of the boom
during the pumping process lead to the measurements
of partly highly increased amplitudes of the inclination
signal, which do not coincide with the real movement. In
Figure 8, the already described pumping scenario with
activated damping control is shown. Here, the calculated
height of the tool center point is compared to the rigid
body approximation using once a perfect inclination sen-
sor and once a realistic inclination sensor. This realistic
sensor model includes a 2-axial acceleration sensor with
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a low pass filter 3 with a cutoff frequency of 5 Hz for the
suppression of high frequency signals. It can be seen that
the rigid body approximation with perfectly assumed
measurements fits the simulated height of the tool cen-
ter point very well. Contrary, the using of realistic incli-
nation sensors causes large errors. Thus, the direct ap-
plication of the described PD control-loop according to
(6) is not possible with this type of measurement.

t [s]

—— Simulation
- = = Perfect inclination measurement

Realistic inclination measurement

Fig. 8. Measurement of TCP with ideal and realistic incli-
nation sensors.

4.2 Observer for inclination estimation with inertial
sensor

To compensate the systematic measurement error occur-
ring in classical inclinations sensors, the usage of inertial
sensors which include a gyroscope in addition to the 2-
axial acceleration is typically proposed. The gyroscope
measures the angular rate of the inclination which is
not influenced by translational movements. Integration
of the angular velocity with respect to time yields the
inclination. This integration is, however, afflicted with
errors due to the bias typically occurring in gyroscopes.
Thus, the idea is to combine the measurement of the ac-
celeration sensors, which give good results for static or
slow scenarios, with the gyroscope measurements, which
are accurate for fast scenarios. Different approaches for
the fusion of these sensor signals can e.g. be found in
[4,5,14,16,19).

If the acceleration sensor is oriented such that the plane
spanned by the two measurement axes £ and (; is par-
allel to the gravitational vector g, the inclination deter-
mined by the acceleration sensor can be calculated by,
cf. Figure 9,

¥, = atan(—ag, —ac). (25)

3 Sensors available on the market typically comprise man-
ually tunable filters for the suppression of vibrations, see,
e.g., http://www.sensor-technik.de or http://www.gemac-
chemnitz.de.

The two measured accelerations are denoted by a¢ and
ac. The measurement ¥, coincides with the real incli-
nation ¥ in static situations. To account for the system-
atic measurement error in dynamic situations, the dis-
turbance model ¥, = ¢+ d,, with the zero mean distur-
bance d,, is defined.

Inertial sensor

Fig. 9. Geometry for the measurements of the inertial sensor.

The dynamics of the gyroscope measurement is modeled
by

D =w, — by, (26a)

by =0, (26b)

with the measured angular velocity w, and the bias, see,
e.g.,[4,5,14]. Numerous methods are reported in litera-
ture which discuss the combination of these sensors sig-
nals to accurately estimate the attitude of rigid body
objects. Typically, extended Kalman filters [14,16], un-
cented Kalman filters [4] or complementary filters [19]
are proposed, where the multiplicative extended Kalman
filter implementation is probably used in most applica-
tions, see, e.g. [5] for an excellent overview.

In this work, the system is linear which significantly sim-
plifies the design. In the first step, a time discrete Luen-
berger observer in the form

&kJ’»l = ék — Tai)ch + Tawg,k + i€19(1§k — ﬂa,k’)y (27&)
byk+1 = bgse + ko (D — Yap), (27b)

is designed, with the sample time 7T,, the measured in-
clination 9, of the accelerometers (25), the measured
angular velocity wy ;. of the gyroscope, the estimated val-

ues 1§;€ and f)gﬁk, and the observer gains 12:19 and l%b. Intro-
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ducing the observer error
Oy, — 0
en=1 " ", (28)
bgx — bg.k

and ¥, = Uy + dg k, the error dynamics is given by

€L4+1 = ~ er — | . d(,,_’k. (29)
ky 1 ky
| — ——
Lo Ty

The eigenvalues of the dynamic matrix ®,. can be ad-
justed by means of the observer gains. Moreover, the in-
fluence of translational accelerations can be reduced by
using small values for the observer gains. This, however,
has the drawback that errors resulting from the bias
of the gyroscope increase. Thus, a compromise between
these two criteria has to be found based on the move-
ments typically occurring in the considered application.

The observer strategy has been implemented and tested
at the industrial mobile concrete pump presented in
[8,9,7,10]. For this purpose, all four boom segments have
been equipped with an inertial sensor of the type NGS1
of SENSOR-TECHNIK WIEDEMANN. ¢ This sensor type
measures the accelerations and angular velocities in all
three orthogonal axes and possesses the protection class
IP67 according to the IEC standard 60529 required for
off-highway machines. The same observer gains with the
values 1%19 = —5 x 1072 and l%b =1 x10"*s"! have
been chosen for the observers of the individual segments
of the boom. This parameterization has been found to
be useful during the experimental investigations. In Fig-
ure 10, the measurement results of the inclination of the
fourth boom segment are shown. The inclination, deter-
mined by the observer is compared to the inclination
measured by the acceleration sensors only. Furthermore,
the respective measured accelerations and angular ve-
locity are illustrated. It can be seen that the estimation
of the observer signal has a significantly reduced signal
noise. With classical inclination sensors, a noise reduc-
tion is only possible by the use of low pass filters which
can be problematic for closed-loop control. The essen-
tial benefit of the proposed observer design is, however,
the suppression of the measurement errors due to trans-
lational accelerations. In particular, peaks of the mea-
surement signal at abrupt velocity changes can be seen
in Figure 10 which do not correspond to the real boom
movement. These errors are compensated effectively by
the proposed observer.

The observer strategy has also been integrated in the
simulation model with the experimentally tested ob-

server gains. Figure 11 shows the simulated true inclina-

4 http://www.sensor-technik.de

94 [°]

a4, [m/s?]

a4,y [m/s?]

wa,g [°/s]

0 20 40 60 80 100
t[s]

Fig. 10. Experimental validation of the observer design.

tions 1J;, the inclinations measured only by the accelera-
tion sensors ¥; , and the inclinations determined by the

observers ¥; for i = 1,...,4 at the previously described
pumping scenario. Thereby, the behavior of the system
with activated damping control without PD control of
the tool center point is considered. The estimated sig-
nals fit the real values very good for the first three boom
segments ¢ = 1,...,3. At the fourth boom segments,
however, increased deviations can be seen.

Taking a look at the corresponding height yp of the
TCP, see Figure 12, it can be seen that already a rather
accurate estimation can be obtained by the proposed
observer. The estimation errors, especially in the fourth
boom segment, however, still lead to a considerable
estimation error of approximately 5cm for dynamic
movements of the system. Thus, it can be assumed that
the control performance of the PD-control strategy pre-
sented at the beginning of this section in combination
with the observer will still not completely fulfill the
demands of the real application.

4.8  Complementary filter design

To improve the estimation accuracy especially for fast
movements of the boom, an additional inertial sensor for
the acceleration is placed at the tool center point. Given
an estimation of the inclination, the vertical part of the
acceleration can be determined. Twice integration of this
vertical part yields a measurement signal, which covers
fast dynamic movements very accurately. This measure-
ment is, however, meaningless for slow movements and
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t [s]

—; ——Diam =0

Fig. 11. Simulation results of the proposed observer for the
4 boom segments.

t [s]

—— Simulation
= = = Perfect inclination measurement

—— Observer based measurement

Fig. 12. Comparison of estimation results of the observer
based measurement with the ideally assumed inclination
measurements.

static scenarios, since double integration yields fast in-
creasing accumulated errors. In this case, fortunately,
the estimation of the height by means of the observed
inclinations and the kinematics (22) of the system gives
very good results. Thus, the advantages of both estima-
tion strategies are combined by complementary filters.
For this purpose, the height g7 ¢ obtained by the incli-
nations is filtered by a low pass with an appropriate cut-
off frequency whereas the twice integrated acceleration
signal ar , is filtered by a complementary high pass with
the same cutoff frequency. In this work two complemen-

10

tary filters of the form

wer

GCF;&(S) = m, (30&)
Gerals) = - +iCF (30b)

with the cutoff frequency wep are utilized. To avoid a
drift of the estimated TCP height, the twice integration
of the measured acceleration requires filtering with an
additional high pass

S

GHP’a(S) = (31)

S+ Wq

with a lower cutoff frequency w, < wcp. The acceler-
ation of the tool center point is measured by a 2-axial
acceleration sensor. To obtain the vertical part ar,,, the
acceleration signals ar ¢ and ar ¢, and the estimated in-

clination 97 of the proposed observer are combined with
&T,y =arg sin(1§T) +arc¢ COS(’léT). (32)
The combined estimated TCP height then reads as

Yr(s)=Gero(s)Yr9(s)+ GHP’G(S;GCF’G(S) Agy(s).

(33)

Thereby, A7, (s), Yr.9(s) and Y7 (s) denote the Laplace
transforms of ar,,, §7,9 and the combined measurement
result gr. In Figure 13, a block diagram summarizes the
complementary filter design.

L0 Gemals)
'l§T yr
a
are lgg Ty Grpal(s) F+ %2 Lol Gerals)
ar,c ( ) ’

Fig. 13. Complementary filter design.

Figure 14 shows the simulated pumping scenario with
the complementary filter design in comparison to the
results with the observer design only. In this simulation,
the filter is parameterized with the cutoff frequencies
wep =055 and w, = 0.2s7 L. It can be seen that the
deviations of the estimation at the acceleration peaks
due to the pumping discontinuations are compensated
very good.

Since the beam deflection of the fourth boom segment
has a minor influence on the TCP height in comparison
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t[s]

—— Simulation

- = = Observer based measurement

Complementary filter design

Fig. 14. Comparison of estimation results of the observer
based measurement without and with the additional com-
plementary filter design.

to the boom segments 1 to 3, the inertial sensor at the
fourth boom segment could be attached directly on the
tool center point. Then, no additional sensor would be
necessary and the number of sensors is identical to the
original version.

5 Simulation results

This section discusses simulation results of the PD con-
trol strategy with active damping control and comple-
mentary filter based estimation of the TCP height. In
Figure 15, the uncontrolled system, the system with ac-
tive damping control and the system with active damp-
ing and PD control are compared for a typical pumping
scenario.

—2.4 [Uncontrolled Dampiné control Damping controH
and PD control |

By \/\l\/\[\/\f\/\/\i\f\!\l\f\l\l\w

=3+t ‘ : } J

yr [m]

0 ! 5
—200 } 1
—400 + —
—600 - —

Fy [N]

—10.5¢ i

wa [°]

ur [°/s]
|

10 20 30
t[s]

[ e

Fig. 15. Comparison of the uncontrolled system, the sys-
tem with active damping control and the system with active
damping and PD control with realistic sensor properties.

11

The different control strategies are activated at the times
t = 20s and t = 40s. Furthermore, the disturbing in-
fluence of measurement noise and typical bias values of
the acceleration sensors and gyroscopes is considered.
The respective parameters were adjusted according to
the signal quality of the inertial sensors used for the mo-
bile concrete pump. It can be seen that the movements
due to the concrete pumping can be effectively reduced
similar to the results with an ideal measurement of the
TCP height. Moreover, the performance of the control
loop is not significantly deteriorated by the realistic sen-
sor properties.

To prove that the proposed control strategy yields also
good results at different boom configurations, a second
pumping scenario with the working points of the joint
angles given by ¢; = 60°, p3 = —60°, 3 = —45° and
w4 = 45°, see Figure 16, has been simulated. In this

Fig. 16. Second boom configuration pumping scenario.

configuration the boom is significantly stiffer than the
boom configuration considered before. As it is proven
in Figure 17, the vertical movement of the tool center
point is also reduced to only a few c¢m in this scenario. It
has to be noted that the same parameters of the control
and estimation strategy as in the first configuration have
been used.

6 Conclusions and outlook

The results of this work show that the vertical move-
ment of the tool center point due to a cyclic excitation
like the pumping process can be effectively reduced to a
few cm with the proposed control and estimation strat-
egy. Hence, there is a huge potential for the improvement
of the conditions for the workers guiding the end hose.
However, one essential point still has to be clarified for
the real application of the algorithms: The coefficients
of the PD controller were manually tuned according to
the considered pumping scenario. Due to the nonlinear-
ity of the system, the adaption of the coefficients de-
pending on the configuration of the boom is required
since the movement of the last joint has a different influ-
ence on the TCP height at different inclinations of the
last boom segment. Furthermore, the TCP height can
not be manipulated by the last joint if the last segment
is aligned vertically. In order to compensate the verti-
cal movements at these boom configurations, the control
strategy has to be extended to the use of further joints
of the boom. For this purpose, the extension of the algo-
rithms for the determination of the participating joints
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Fig. 17. Comparison of the uncontrolled system, the sys-
tem with active damping control and the system with active
damping and PD control with realistic sensor properties at
a second boom configuration.

and for the adjustment of the controller parameters are
topic of current research.
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