13th World Congress in Mechanism and Machine Science, Guanajuato, México, 19-25 June, 2011

A28 384

Receding Horizon control of a compliant manipulator: experimental analysis

P. Boscariol* A. Gasparetto

DIEGM DIEGM
University of Udine  University of Udine
Udine, Italy Udine, Italy
R. Vidoni
DIEGM
University of Udine

Udine, Italy

A. Lanzutti
DIEGM

M. Giovagnoni
DIEGM

University of Udine  University of Udine

Udine, Italy Udine, Italy

V. Zanotto
DIEGM

University of Udine

Udine, Italy

Abstract—This paper presents an experimental study of tip position of a flexible beam. Hassan [9] reports the exper-
a Model Predictive Control scheme (MPC) for active vibra- imental analysis of a vibration suppression system by using
tion damping in flexible-link robotic manipulators (FLM).  piezoceramic actuators. In [10] a single-link mechanism is
The prediction capability of the controller is based on a controlled by an MPC by using the angular hub position
very accurate FEM dynamic model of planar FLMs. Exper- feedback, a tip-positioned load cell and an ultrasound tip
iments are performed on a laboratory prototype of a single- displacement feedback. Other papers on this topics have
link mechanism affected by gravity force. Results show been proposed by the Authors in [11], [12] on a single-link
that the proposed controller achieves a good position track- and a four-link flexible-link mechanism, respectively, using
ing performance and an effective vibration suppression for two predictive controllers based on state-space formulation.
wide range movements. Good performance are confirmed It should be pointed out that the works [8], [9], [10] are

trough the comparison with a classical controller.
Keywords: flexible-link robot, mechanical vibration, FLM

|. Introduction

Dynamics and control of flexible-link mechanisms are
topics of a widespread interest in the scientific literature.
From the 70’s, a large number of papers have been pub-
lished: Dwivedy [1] cites 433 works from 1975 to 2005 on
the modeling of this class of mechanism and Benosman [2]
cites 119 papers up to 2003. This popularity is motivated by
several advantages of flexible-link manipulators over their
rigid counterpart, such as lower weight, higher operative
speed and reduced power consumption. Nevertheless, spe-
cific solutions in terms of control must be used to reach
satisfactory performance, high accuracy and stability.

Over the years different control strategies have been pro-
posed, such as robust control [3], [4], event-based con-
trol [5], vision-based control [6], just to name some of the
most recent contributions. Most of the control systems are
model-based, but model-independent strategies have been
investigated as well, as in [7].

In this paper a Model-based Predictive Control (MPC)
strategy is proposed for the simultaneous position and vi-
bration control for flexible-link mechanisms. The available
literature on the subject is quite limited to Authors’ best
knowledge. In [8] two MPC controllers are used to inde-
pendently control the hub angular velocity and the angular
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experimental investigation conducted on mechanisms that
rotate on the horizontal plane, while this work involves a
FLM affected by gravity.

In this paper the validity of previous numerical results
are confirmedby the experimental tests. The test bench is
a single-link flexible mechanism affected by gravity force.
The performance of the proposed MPC is evaluated by
comparing its closed-loop behavior to the one obtained
trough a classical LQ control with an integral action. More-
over, an extended Kalman filter is used as a state observer.
The estimation of the state of the plant is based only on the
measure of the angular position of the hub and on the torque
signal, thus reducing the effects of measures such as strain
gauge signal which are usually affected by noise. The ac-
curacy of such system is evaluated experimentally by com-
paring the estimated state with the measure of the elastic
displacements evaluated by a strain gauge transducer.

II. Dynamic model of a flexible-link planar mechanism

In this section the dynamic model of a flexible-link
mechanism suggested by Giovagnoni [13] will be briefly
explained. The choice of this formulation among the sev-
eral proposed in the last 30 years has been motivated by the
high grade of accuracy provided by this model, which has
been proved several times, for example in [3], [14].

The main characteristics of this model can be summa-
rized in four points:

1. finite element (FEM) formulation
2. Equivalent Rigid-Link System (ERLS) formulation [15]
3. mutual dependence of the rigid and flexible motion
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4. capability of describing mechanisms with an arbitrary
number of flexible and rigid links

First, each flexible link of the mechanism is subdivided
into several finite elements. Referring to the Figure 1 the
following vectors, calculated in the global reference frame
{X,Y,Z}, can be defined:
« I; and u; are the vectors of nodal position and nodal dis-
placement in the i-th element of the ERLS
e P, is the position of a generic point inside the i-th element
« ( is the vector of generalized coordinates of the ERLS

Fig. 1. Kinematic definitions

The vectors definedso far are calculated in the global
reference frame {X,Y, Z}. Applying the principle of virtual
work:

(Swelastic + 5wewternal + 5winertia =0

the following relation can be stated:
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€i, D;, p; and J¢; are the strain vector, the stress-strain
matrix, the mass density of the i-th link and the virtual
strains, respectively. F is the vector of the external forces,
including the gravity, whose acceleration vector is g. Eq.
1 shows the virtual works of inertial, elastic an external
forces, respectively. From this equation, p, and p, for a

generic point in the i-th element are:

op; = RiN;T;or; :
B, = RiN;T; + 2(RiN; T; + R;N; T)u; @)

where T; is a matrix that describes the transformation
from global-to-local reference frame of the i-th element,
R; is the local-to-global rotation matrix and N; is the
shape function matrix. Taking B;(x;,y;, z;) as the strain-
displacement matrix, the following relation holds:
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de; = B;0T;u; +B;T,;du;

Since nodal elastic virtual displacements (6u) and nodal
virtual displacements of the ERLS (dr) are independent
from each other, from the relations reported above the re-
sulting equation describing the motion of the system is:

M MS i f
[STM STMS]['C]}:[STf] @

M is the mass matrix of the whole system and S is the
sensitivity matrix for all the nodes. Vector f = f(u, U,q, q)
accounts for all the forces affecting the system, including
the gravity force. Adding a Rayleigh damping, the right-
hand side of Eq. 4 becomes:

-
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Matrix M ¢ accounts for the Coriolis contribution, while
K is the stiffness matrix of the whole system. « and /3 are
the two Rayleigh damping coefficients. System in (4) and
(5) can be made solvable by forcing to zero as many elas-
tic displacement as the generalized coordinates, in this way
ERLS position is definedunivocally. Therefore removing
the displacement forced to zero from (4) and (5) gives:

)

cC o

(S"M);, S'MS g s’

The values of the accelerations can be computed at each
step by solving the system in Eq. 6, while the values of
velocities and displacements can be obtained by an appro-
priate integration scheme (e.g. the Runge-Kutta algorithm).
It is important to focus the attention on the size and the rank
of the matrices involved in Eq. 6, and also to the choice of
the general coordinates used in the ERLS definition. Oth-
erwise it might happen that a singular configurationis en-
countered during the motion of the mechanism [13]. In this
case, Eq. 6 cannot be solved.

lll. Experimental setup

The plant used to evaluate the effectiveness of the pro-
posed predictive control strategy is a single-link flexible
mechanism. It is made by a long and thin steel rod, actuated
by a brushless motor. No reduction gears are used, so one
end of the link is rigidly coupled to the motor shaft. The
flexible link can rotate on the vertical plane, so the mecha-
nism dynamics is heavily affected by the gravity force. The
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structural and dynamic characteristics of the flexible rod
can be found in Table I. Owing to the overall dimensions,
the mechanism has a limited movement range (around £25
[deg]) from the vertical position. The motion of the link is
governed trough an Indramat DKC-MKD brushless servo
drive system. This drive is used as a torque generator, i.e.
the instant value of the torque applied by the motor can
be controlled by using an analog signal. Such a signal is
supplied by a National Instruments PCI-6259 DAQ board,
controlled by a Core 2 Quad PC. The angular position is
measured by a 4000 cpr quadrature encoder is read with
a National Instruments PCI-6602 board. The strain gauge
signal is measured with the same PCI-6259 board used to
generate the torque reference signal, as it is visible in Fig-
ure 4. The data acquisition and the control softwares run
over the LabVIEW Real-Time OS.

brushless

Fig. 2. The finite element discretization

The dynamic model can be described with a good ac-
curacy it with four finite elements. This discretization is
sufficient to describe accurately the first four modes of vi-
bration: 23 Hz, 63 Hz, 124 Hz, 206 Hz. Higher order modes
can be neglected as they have low energy and high damping
values.
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Fig. 3. The flexible-link mechanism used for experimental tests

Parameter Value

4.5 x 107 T[s71]
12 %105 [s 1]

15¢ Rayleigh damp. const.
277 Rayleigh damp. const.

Young’s modulus E | 230 x 107 [Pa]
Flexural stiffness EJ [ 191.67 [Nm?%]
Beam width a 1 x 1072 [m]
Beam thickness b [ 1x1072[m]
Mass/unit length m | 0.7880 [kg/m]
Flexible Link length 1 1.5 [m]
Strain sensor position s 0.75 [m]

o

p

TABLE I. Structral and dynamics characteristics of the flexible rod

IV. Model Predictive Control

In this section a brief explanation of the MPC used for
experimental tests is given. Further details can be found in
[16] and [17]. MPC refers to a class of controllers which
compute an optimal control sequence by using the concepts
of:

« internal prediction model
« receding horizon principle
« constrained optimization

Given a MIMO plant described by a discrete-time state
space model, k can be definedas the discrete time variable.
Let z(k), y(k), X(k) and r(k) be the input, the output, the
state and the reference vectors, respectively. The discrete
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Fig. 5. Receding horizon principle

state space LTI system is described by the triplet (A, B, C):

X(k+ 1) = Ax(k) + Bz(k) R
y(k) = Cx(k)

First of all, the state space model is converted to the
equivalent incremental form. Therefore, instead of eq. (7),
the following set of equations are used to describe the dy-
namics of the plant:

X' (k+1) A’ X' (k)
][ T
N [ 2 } Az(k) o
Y
=[0I 550 ]
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The triplet (A", B’, C’) describes the behavior of the plant
in terms of the increments Ax(k) = x(k + 1) — x(k),
Az(k) = z(k) — z(k — 1) and y(k). For sake of simplicity,
in the following the triplet (A’, B/, C’) and the vector X’ (k)
will be indicated without the apex .

At each time k-th, the proposed MPC controller com-
putes the sequence of increments for the control variable
vector AZ(k), whose length is of H,. steps. Such a length
is called control horizon, and the elements ofA Z (k) are:

AZ(k) = [Az(k+ 1|k), Az(k + 2|k), ..., Az(k + H.|k)]"
9

AZ(k) is calculated in order to minimize the predicted
control effort and the predicted distance from the reference
trajectory of the controlled variables over a period, which is
called prediction horizon, indicated asH,,. Usually H. <
H,,. The receding horizon principle (as in Fig. 5) states that
the evaluation of the correct control action is performed at
every time instant &, but only the first value of such a vector
is supplied to the plant at time k. At the following iteration
k + 1, another AZ is computed, and again only the first
value is applied, and so on, for all the following iterations.
Such technique is referred to as receding horizon, since the
control and prediction horizon “’slide” forward in time at
every time step.

By using the previous notation , the sequence of pre-
dicted values of the state vector X(k) and the plant output
y(k) can be expressed as:

X (k) = [X(k + 1|k), x(k + 2|k), ..., x(k + H,|k)]"
(10)

Y(k) = [y(k +1[k),y(k + 21k), ... y(k + Hy k)"
(an
Assuming that the whole state vector x(k) is available at
any time, its future evolution can be estimated by iterating
eq. (8) as follows:

X(k + 1|k) = Ax(k) + BAz(k)

X(k + 2|k) = Ax(k + 1|k) + CAz(k+ 1)
= A%x(k) + ABAz(k) + BAz(k + 1)

: (12)

x(k + Hylk) = Arx(k) + A"r~'BAZ(K)

+ AT 2BAZ(k 4 1)

..+ AT HBAZ(E+ H. — 1)

The future evolution of the output vector y(k + j|k) with
j = 1,2,...,H, is directly linked to the evaluation of
X(k + j|k) by the equation:

y(k + jlk) = Cx(k + j|k) with j=1,2,...,H, (13)
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Equation (13) can also be expressed as:

Y(k) =Tx(k) + PAZ(k) (14)
with:
CA
CA?
I‘ =

CAf»
cB 0 0 . 0
CAB CB 0 . 0
CAZB CAB CB . 0

CAH;?’IB cAfir—=2B  cAHr—2B CAflp—Hep

The MPC controller implemented for the experimental
tests calculates the optimal value of the incremental input
trajectory AZ (k) as the minimum of the cost function:

Jupc( HR (15)

HP
k)= lly(k) —r(k)lig+ Z |Az(k
i=1
in which Q and R are diagonal matrices of the suitable
weights. The minimization of cost function Jy;pc can be
solved with the following constraints on the i-th value of

the state vector X, the control variables z and its change rate
Az:

xznin S x; S mi‘ﬂax
A < gy < ZRe (16)
Az < Az < Azh®

In this way, the sequence of optimal values Z(k) can be
found using a numeric procedure, such as quadratic pro-
gramming, see [16].

V. State observer

The control strategy explained above can be applied only
when a measure of the whole state X is available. In this ap-
plication, there are only two measured values, so a state ob-
server must be used. Here a Kalman asymptotic estimator
has been chosen. An estimation of X(k) and X,,, (k) (where
X(k) is the state of the plant model and X,,, (k) is the state of
the measurement noise model) can be computed from the
measured output y, (k) as:

(k) (klk — 1) A
[ ?);(klk) } B [ X):n(klk— 1) } LY (k) = ¥ (K))

x(k+1)k) 1 [ AX(k|k) + Bz(k)
{ K (k + 1|E) ] - { Ax, (k|k) ]
(17)
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The gain matrix L has been designed by using Kalman
filtering techniques (see [18]).

r strain
N ' MPC z FLM
X mechanism !
state
observer |«

Fig. 6. MPC control: block diagram

The dynamic model represented by Eq. 6 is strongly non-
linear, due to the quadratic relation between the nodal ac-
celerations and the velocities of the free coordinates, and to
the effects of the gravity force. Thus it cannot be used as a
prediction model for a linear MPC controller or as the basis
of a Kalman state observer. In order to develop a state-space
form linearized version of the dynamic system of (6) a lin-
earization procedure has been developed by Gasparetto in
[19]. Here this procedure will be briefly recalled.

From the basics of system theory, a linear time-invariant
model expressed in state-space can be written as:

{ Xo= )+ 220 s
y(t) = Cx(t) + Dx(t)
where X(t) is the state vector, y(¢) is the output vector, z(t)
represents the input vector and A, B, C and D are time-
invariant matrices. Taking X = [U,¢,u,q]” as the state
vector, linearized state-space form of the dynamic model in
Eq.6 can be written as:

Alinx = Blin X+ ClinT (19)

Now a steady “equilibrium” configurationx, where u =
U, under the system input z = z, can be chosen. In the
neighborhood of this point holds:

t) =X + Ax(t
e @)

So, bringing these relations into Eq. 6, the following rela-
tionship turns out:

Ain (Xe)AX = Byin (Xe + AX) (Xe + AX)

(X + AX)(zo + Az) D

After some steps that can be found in more detail in [19],
Ayin and By;,, matrices in (19) can be written as:

M  MS 0 0
| "M s'™s 0 0

Ain = | 7 o 1 o (22)
0 0 01
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—2M¢g — aM — 8K 0 —K By
B. — S'(—2Mg—aM —BK) 0 0 By
lin = | 0 0 0
0 I 0 0
(23)
where:
K of
o K
Yo ‘qq %lg-q,
and:

9 (sTf)
oq
g=q,

Boy =

Ciin, remains unchanged after the linearization process,
since it is composed of only zeros and ones. The standard
form of the state-space system can be easily found from
-Alin: Blin and Clin:

AX = AAX + BAz

y =Cx+ Dz (24)
where:
A= AlinilBlin
2
B= Alin_lclin ( 5)

where A € R?6 x R?6, B € R26 x R!, C € R? x R*S
are time-invariant matrices. The state vector X includes all
the nodal displacements and the angular position g, as well
as their time derivatives:

X(t) = [u17u27 .o ,’U/]_Q,q,u.]_,’u.g, R ’u127q']T

The output vector of the LTI system consists of two el-
ements: Y(t) = [ug, q]T, being ug the rotational displace-
ment at the midspan of the link. The input vector z(t) in-
cludes the torque applied to the link as single element.

A comparison of measured and estimated values of the
link curvature is reported in Figures 7 and 8. As it can
be seen, the value of the elastic displacement can be eval-
uated with a good accuracy. It must be pointed out that
the state observer has the availability of only the quadrature
encoder signal and the nominal torque applied to the rod.
In this way, the robustness of the closed-loop system can
be improved, since the measure of the strain gauge signal
is heavily affected by noise. Moreover, the reduced num-
ber of sensor make this control strategy suitable to most
robotic manipulators for industrial use, since sensors such
as accelerometers and strain gauge bridges are usually un-
available on these systems.
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Fig. 7. State observer: measured and estimated strain gauge signals

Estimation error [V]
[}

6.5 7 7.5 8 8.5 9
Time [s]

Fig. 8. State observer: estimation error

VI. Experimental results: MPC control

The proof of the accuracy of the controller is given in this
section. The position regulation and the vibration damping
are evaluated from the results of two different experimental
tests. In the first test, indicated as ”Test 1” in Table II and
in Figures 9,10,11, the reference angular position signal is
an ideal step that decreases form +15 [deg] to —15 [deg].
As it can be seen in Figure 9 the 30-degrees movement is
performed in 2 seconds, with a very small overshoot and
without any steady state error. As it is clear form Figure 11,
the value of the torque command is kept inside the allow-
able range of the actuator. The closed-loop system shows a
good damping, since the vibration is kept below the mini-
mum detectable amplitude within 3 seconds from the tran-
sient. Vibration damping can be improved at the cost of a
scarce degradation of the accuracy on the angular position
accuracy. In “Test 2” the weight on the angular position,
Q(1,1), is reduced by 33 %, while the weight on vibra-
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TABLE II. MPC tuning parameters
Test1l| Test2

qo [deg] 15 -15
qy [deg] -10 10
i, 400 | 500
H 10 10

1,1) 300 | 200
2,2) || 3000 | 4000
1 1

tion amplitude, Q(2, 2) is increased by 33 %, with respect
to “Test 1”. At the same time, the prediction horizon is
changed from 400 to 500. The increasing of H), leads to a
more damped response, and can improve the robustness of
the system, as highlighted in [12]. Moreover, the vibration
damping can be enhanced by increasing the weight on v and
reducing the weight on ¢g. As it is evident form Figure 12,
the tracking of the angular position is less fast, but the over-
shoot is reduced. Vibration damping is slightly improved
from Test 1, as it can be seen in Figure 13. In the Test 2
the range of the position reference is reduced to 20 degrees
to show how the performance of the MPC controller is not
affected by the width of the reference step signal.

In all the tests, the angular position is evaluated by the
quadrature encoder mounted on the motor shaft, while
the strain signal is measured using a Hottinger Baldwin
Messtechnik KWS 3073 strain gauge signal amplifiet;, as
in Figure 4.

15

- --reference

10¢ s
—position

Angular position [deg]
()]

Time [s]

Fig. 9. MPC control: closed-loop response to a step position reference,
angular position g. Test 1

VII. Experimental results: comparison between MPC
and LQ performance

In this section the performance of the proposed MPC
controlled are evaluated by comparing them with those of a
Liner Quadratic controller with an integral action. All the
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Strain gauge signal [V]

Time [s]

Fig. 10. MPC control: closed-loop response to a step position reference,
strain gauge signal. Test 1

5

Control torque [Nm]
&

13 2 4 5
Time [s]

Fig. 11. MPC control: closed-loop response to a step position reference,
applied torque. Test 1

tests have been conducted by providing the angular position
reference signal with ideal steps of different amplitudes.

Here just a brief overview of the Linear Quadratic (LQ)
control strategy for flexible link mechanism is given. Such
a controller is used to set up a comparison between the
MPC controller and a classic control system based on the
same model and the same controlled variables. In this way
the features of the predictive control strategy can be clearly
highlighted.

A graphic representation of the control’s loop structure
is reported in Figure 15. Owing to the space constraints of
this paper, just a basic overview of this controller will be
given (for more details see [20]).

In order to add an integral action into the LQ controller,
the state-space model must be augmented. The tracking
error can be definedso that its time derivative obeys to the
following differential equation:



13th World Congress in Mechanism and Machine Science, Guanajuato, México, 19-25 June, 2011

10r -

Angular position [deg]
<

_5 L il
- --reference
-10 — position 1
0 2 4 6 8
Time [s]

Fig. 12. MPC control: closed-loop response to a step position reference,
angular position g. Test 2

4

Strain gauge signal [V]
o

2 i
_40 2 4 6 8
Time [s]

Fig. 13. MPC control: closed-loop response to a step position reference,
strain gauge signal. Test 2

W(t) = r(r) —y(t) = r(t) — Cx(?) (26)

where r(t) is the desired trajectory that the plant output
y(t) should follow. In this way, w(t) is the integral of the
tracking error. An augmented state vector X can be defined

N X ..
such as: X = [ W } , then the augmented state equation is:

: A 0], B 0
X(t)—[_c 0]x+{0}z+{r} 27)
Y ¢ ™

A B d
while the augmented output equation is:

y=[C 0]x (28)
———

C
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Fig. 14. MPC control: closed-loop response to a step position reference,
applied torque. Test 2

»  Kr

strain

FLM >
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»
>

state

X
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observer |«

Fig. 15. LQ control with integral action: block diagram

The LQ tracking controller calculates the optimal control
sequence z(t) which minimizes the performance index J

definedas:

J= %/{(y— 0" Q,(y—1)+w'Q,w+2 Rz} dt
0

(29)

The first term inside the integral minimizes the absolute

value of the tracking error and the elastic displacement.

Whereas, the second term takes into account the absolute

value of integral error of g. The last one minimizes the sys-
tem input: in this case the torque applied to the link.

In this case Q, is a diagonal matrix of weights, while Q,,
and R are scalar values. The control action obeys to:

2(t) = —KoX — Kyw + K, 1 (30)

where the optimal value of the gain matrices K, K, K,.
are found trough the solution of a suitable Riccati equation.

Here, a comparison of the closed loop performance by
using the LQ and the MPC controller is set. The two control
systems are tuned to obtain the same rise time. As it can be
seen from Figure 16, the LQ control has a poor accuracy
on the position tracking: the overshoot is 1.3 degrees wide
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Fig. 16. LQ vs MPC: comparison of angular position tracking

and the settling time is more or less 3 seconds long. The
improved angular tracking error of MPC is highlighted by
the much smaller settling time (less than 1 second) and by
the negligible overshoot, as it can be seen in Figure 17.

As far as the vibration damping is concerned, the MPC
again performs better: the elastic displacement is kept be-
low the minimum detectable amplitude range =70 [mV] af-
ter less than 2 seconds from the change in reference, while
the same occurs for the LQ controller after more than 5 sec-
onds. The comparison between the two controllers is lim-
ited to a 5-degree-wide step, since the LQ controller cannot
preserve satisfactory performance over this reference step
without a strong slowing down of the closed-loop response
of the system. The strain signal is very noisy. Figure 17
shows how the strain signal if affected by a periodic dis-
turbance which occurs every 1.2 seconds. This disturbance
is due mainly to the noise irradiated from the motor power
supply and by the motor driver. It must be pointed out that
this large amount of disturbance does not affect the perfor-
mance of neither the LQ nor the MPC controller, since the
state estimator used in both cases does not rely on this mea-
surement.

Figure 18 shows the comparison of the two control
torque profiles. It is visible how the LW control systems
behaves just like a PID control with an high proportional
gain. In fact it can be noticed how the amplitude of the con-
trol torque is directly proportional to the angular position
error. On the other hand the control profile provided by the
MPC controlled is very different, as it is composed by a
sequence of short peaks and of a smooth profile.

VIII. Conclusion

In this paper the experimental validation of an MPC con-
troller for the simultaneous position and vibration control
of flexible-link mechanisms has been presented. The effec-
tiveness of the proposed approach has been tested on a labo-
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Fig. 17. LQ vs MPC: comparison of strain gauge signal
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ratory prototype. It has been shown that the Model Predic-
tive Control outperforms classical control strategies based
on the same dynamic model, such as the Linear Quadratic
(LQ) optimal control, both in terms of angular position
tracking and vibration damping.

The state estimator used for all the experimental tests has
been shown to be capable of providing an accurate estima-
tion of the plant dynamics with a very limited set of sensors.
Such an estimator needs only the measure of the angular po-
sition and of the torque command supplied to the brushless
motor, increasing the robustness and the field of applica-
tion. For this reason the proposed controller can be easily
adapted to most industrial manipulators, which usually do
not have sensors for measuring the elastic displacement of
the links.
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