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with two rigid degrees of freedom. The resulting models will be used for both
the design and the simulation of innovative closed-loop control strategies for
FLMs. The results of this study will be presented in chapter 5.

3.1 Static model for a single-link mechanism

The first mechanism under analysis is the single-link mechanism. It is made up
by a simple metal rode, connected to a chassis using a rotational joint. Therefore
the angular position of the mechanism is represented by the scalar quantity g,
while its elastic behavior is described by a set of nodal displacements, which are
included in the vector u. The size of vector u depends on the number of finite
element used to discretize the elastic behavior of the mechanisms. Since we are
now focusing on a static model, we will analyze the elastic displacement of the
single link mechanism for a given angular position ¢ and for a given vector of

external loads f.

The parameters of the beam are:

wn

ymbol value

Young’s modulus E 200 x 107 [Pa]
Beam width a 6 x 1073 [m]
Beam thickness b 6 x 1073 [m]
Length L 0.7 [m]
Mass/unit of length m 0.282 [kg/m]

Table 3.1: Characteristics of the FLM

In this case the angle link can be described as a single link with 6 elastic
d.o.f., i.e. the structure can be discretized using only one finite element. It
should be pointed out that, in order to solve the static problem, some mechanical
constraints must be taken into account. In particular, the two displacements
along the x and y axis of the first node must be forced to zero, since these two
displacements are inhibited by the rotation joint. Then, according to the ERLS
theory, one more displacement must be forced to zero, since the ERLS has one
degree of freedom, g. We can choose one of the remaining 4 elastic d.o.f, in this
case the choice made is to force to zero the rotational displacement at the first

node. The elastic displacement can be calculated using the following relation:
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QR R

<
QH

ug = =K. 'Fg (3.1)

f g 2 2 &
I3
—_

<
TREAL0

in which ug, Kg Fg are the vector of nodal displacement, the matrix of
stiffness and the vector of external loads due to gravity force, respectively. All
these quantities are measured in the global reference frame. The three con-
straints described above can be taken into account by removing the first tree
elements of ug and Fg, and by removing the first three rows and columns of

K. The resulting quantities are: uf,, F, and K¢,. Therefore we obtain:

G
T2

* sk \—1 1k

ug, = u% = (Kg)  Fg (3.2)
z2

Given the angular position of the link and the mechanical data of the link
(length, mass, stiffness, etc..), the stiffness matrix Ky in the local reference
frame can be calculated. At the same way, the vector of nodal loads (referred

to the local reference frame) due to gravity can be calculated as:

L/2 0 L/2 0
0 L/2 0 L/2
| 0 L%/12 L _ | 0 L?*12
Fp = L/2 0 Fgrav = L/2 0 mRLG —g (33)
0 L/2 0 L/2
0 —L?/12 0 —L?/12

in which L is the length of the link, m is its mass per unit of length, and g is
the gravity acceleration constant. In order to bring the relation into the global
reference frame, it is necessary to use the local-to-global rotation matrix Tqy .
We find:

KG = TGLKLTLg; (34)

Fo. = TorFy, Tro; (3.5)

If other external forces are included in the modal, we can refer them to
the global reference frame and put them in the vector of external forces (and

torques) Foqe:
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Femt = [FxlyFylaleny27Fy2»Fz2]T

Such vector has six elements, since the considered model has been described
with 6 nodal displacement. The vector of all the forces acting on the link is

therefore:

Fo=F,, +Fey (3.6)

As a matter of example, if ¢ = 45 deg, and adding the force Fy2 = —10N,
we obtain the following nodal displacements: u,? = 27 mm, u,? = —27 mm,
u,? = —0.0183 rad. To plot the profile of the deformed link, the interpolation
functions (2.4) must be used. Care must be taken, since this matrix applies to
the displacements measured in the local reference frame. In order to calculate
them, the global-to-local rotation matrix must be used, trough the relation:
ug = Treour. The result is: u,? =0, uy2 =—-382mm, u,2 =—0.0813 rad. A
graphic representation of the deformed link for an external load of -10 N applied

vertically at the free end of the link.

deformed

0 0.1 0.2 0.3 0.4 0.5
X [m]

Figure 3.1: Elastic deformation of a single link mechanism with an external load
F, = -10 N applied to the free end
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3.2 4-bar mechanism: static analysis

The four link mechanism is the simplest closed-loop planar mechanism that can
be built using only rotational joints. It is made up by four link, including the
ground link. Tt is a single degree-of-freedom mechanism (if only rigid motion
is taken into account), since the position of one link univocally determines the
position of the other two links. The results presented in this section have been
obtained by discretizing the links with 2 finite elements for the longest link, and
with one finite element for the other two links. The ground link is considered

to be perfectly rigid.

Z4

Figure 3.2: Position vectors for the four-bar mechanism under investigation

The mechanism under investigation has the following link lengths: L; =
0.35965 m, Lo = 0.372285 m, L3z = 0.525 m, while the distance between the
two ground link joint is Ly = 0.632 m. Each element has a square section,
whose width is 6 mm, and the mass per unit of length is 273+ 1072 Kg/m. The
calculation of the static deformation of the mechanism has been obtained using
a Matlab script.

Here we describe in detail ho to evaluate the stiffness matrix an the vector
of gravity load. First of all, the the matrices for each link are evaluated. Care
must be taken when evaluating the stiffness matrix for the third link, since it has
been discretized by 2 finite elements. Therefore such matrix can be evaluated by

adding two matrices calculated as in eq. (A.1.6) after ’translating’ the second
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node 4
node 5 node 3
node 2
node 6
node 1

Figure 3.3: Finite element discretization for the 4-bar mechanism

matrices, as represented in figure 3.4. This procedure allows to take into account
the continuity constraints between the two finite elements belonging to the third
link.

Figure 3.4: Matrix assembling for multi-element discretization

The first and second link has 6 elastic d.o.f, the third has 9 d.o.f, if we
consider the separately. If we connect them to form a 4-bar mechanism, the

following constraints must be considered:
e the coincidence of node 2 and 3, which implies us” = usz® e us¥ = ug?
e the coincidence of node 3 and 4, therefore: us” = us” e us?¥ = us?

So the nonzero elastic displacements are:
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_ T 1 z T __ T y 1 z z T _ T
u= (" u?, ur®, ue® = us®, ue? = us¥, uo®, us®, wa” = us”,

_ 1 4 4 x 1 z xT 1 4
cug? = usY, ua® us®, u”, ug? ue®, ur”, ur?, ur®]

Moreover, other 4 constraints are considered, in order to take into account

the two rotational joints that connect node 1 and 5 to the gornd link:

¥ = uyY = 0 because of the rotational joint at node 1

® Uy
o u7;” = uz¥ = 0 because of the rotational joint at node 7

e u57=0, since the ERLS formulation requires to force to zero one d.o.f. for

each rigid degree of freedom

The last choice is in general arbitrary, but the choice made has proved to

avoid singular configurations during simulations.

node 4 = node 5

node 2 = node 3

node 6

Figure 3.5: Nodes after the imposition of constraints

The solution of the static problem has been obtained using some Matlab
script. As a matter of example, in table 3.2 the calculated nodal displacements
for a 4-link mechanism under gravity, taking ¢ = 7/6 as the position of the

mechanism.
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Nodal displacements [mm] and [rad]

u® ~0.08481
us? 20.001509
e 0.08411
e 0.2744
us” ~0.0008715
ug? 20.0009271
e 20.2748
us? 0.1950
ug” 0.03376
ug? 20.01874
e 20.01017
ur? 20.01954

Table 3.2: Nodal displacement in the 4-bar linkage with ¢ = 7/6

3.3 Static analysis of a 5-bar linkage

The third kind of mechanism under investigation in this work is the planar five-
bar mechanisms. It is made up by 4 bars, connected using only revolute joints.
Again, the ground link (which is considered as the fifth link) is considered to
be perfectly rigid. Such mechanisms has 2 rigid d.o.f., as testified by Grubler’s
equation: ngpr, = 3(m — 1) — 2¢1 — ¢a2. ngpyr, is the number of d.o.f, m is the
number of links, while ¢; and ¢y are the number of class 1 and class 2 joints,
respectively. The revolute joint belong to class 2. The links nomenclature has
been chosen as it can be seen in figure A.4. The two rigid d.o.f., q = [q1, ¢2] are
used to describe to the angular position of the first and fourth link measured
from the chassis. This is a natural choice, since usually the motion of the whole
mechanisms is controlled by means of two actuators mounted on the chassis.
Mounting the motors directly on the chassis in fact allows to reduce to the
minimum the size of the actuated mass. This kind of mechanism can be used
for high-speed manipulation tasks within a planar workspace, as in EULA’s
PacDrive D2 Robot (figure 3.6).

In order to keep to the minimum the size of the static problem, each link
has been discretized using a single finite element. Therefore, the number of
d.o.f. before assembling the structure is 24. Assembling the structure reduces
the number of degrees of freedom to 14. Other d.o.f. must be forced to zero,
according to ERLS theory. In this case it has been chosen to force to zero the

displacement along the x and the y axis at the node that connects the second
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Figure 3.6: EULA PacDrive D2 robot

and the third link.

As for the single-link and the four-bar linkage, a set of Matlab routines has
been developed to evaluate the static deformation under external loads. As a
matter of example, the following mechanisms has been modeled: all the links
are 70 cm long, they are made of steel, and the section of the links is square,
with a 6 mm side. The external forces taken into consideration are the gravity
force, and a 10 Nm load applied horizontally at the meeting point of the second

and the third link. The force vector is shown in figure 3.9 as F,.

In this case the magnitude of the displacement is similar to the previous case,
and it can be noticed that all the links belonging to the mechanism undergoes

to the effects of a force applied to a generic point of the mechanisms.
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Z5

Figure 3.7: Position vectors for the 5-link mechanism

3.4 Simulation of Dynamic models: single-link

In this section the results of the application of the dynamic model presented
in Chapter 1 will be presented. Such model will be implemented for three
basic FLM: single-link, four-bar linkage and five-link mechanism. The resulting
simulators have been used extensively during the development of this work for
the numerical and experimental validation of closed-loop control strategies for
the aforementioned mechanisms. Such results will pre presented in Chapter 5.
The first mechanisms under consideration is, as obvious, the single link mech-
anisms (SLM). In order to describe correctly the dynamics of a SLM discretized
with a single finite element (therefore with 2 nodes) constrained to the chassis
with an ideal rotoidal joint, we must first choose the right number of nonzero
elastic displacements. As already seen in the previous chapter, the vector of
elastic displacements (in the global reference frame), is composed of 6 elements

if only one finite element is used:

uG = [U‘CUl?uylvuZlvufzvqu;UZQ] (37)

The static model of the SLM is described simply by the vector [ug,q], but
in order to include the dynamics, we must augment such vector so that it will
include also the change rate of ug and q. Therefore the dynamics of the system

is must include also the terms of velocities and accelerations [u, i, q e q]. We
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node 4 = node 5

node 6 = node 7

node 2 = node 3

Figure 3.8: Nodal discretization for the whole mechanism

can can refer to the relations already presented in chapter one:

Mii + MS§ = t(u, 1, q, ) (3.8)

STMii + S™ 8¢ = 8Tt(u, 1, q, q) (3.9)

which can be rewritten in the more compact matrix form:

[ (S¥M> svs ] )= L] (3.10)

wm
This formula shows how the dynamics of a FLM can be computed as a
function of the vector t, which depends on u, 11, q and . This shows that the
dynamics of the system can be made explicit as a nonlinear relation whose state

space vector is x:

Qs Qe

The vector x can be used to evaluate i1 e ¢ using the relation:
M, x=M;x+f, +f (3.11)

in which:
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1.5
rigid
elastic
1 ]
E 05f 1
or ]
_05 1 1 i
-0.5 0 0.5 1 1.5

[m]

Figure 3.9: Static deformation of a 5-bar linkage under gravity and external
loads

M MS 0 0
sT™™ s™S 0 0
M 0 0 I 0
0 0 0 I
—2M¢g1 —2Mge —aM —BK —-MS -K 0
M. = | ST(-2Mgi —2Mgz —aM) S'TMS 0 0
! I 0 0 0
0 I 0 0

while f; is the vector of the equivalent nodal forces due to gravity and f
is the vector of the generalized external forces. For the definition of the other
matrices involved, such as M, K and so on, refer to Chapter 1. The explicit
calculation of the state vector x can be obtained simply by multiplying both

terms of equation 3.11 for the inverse of Mj:

% = M,,'Myx + M, '[f, + ] (3.12)

It must be pointed out that the previous equation cannot be solved in this

form, since that up to now the proper constraints on the displacement vector
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1.5
------- rigid
flexible
1t ]
E o05f g
or ]
_05 1 1 1
-0.5 0 0.5 1 15

[m]

Figure 3.10: Static deformation of a 5-bar mechanism under a 10 N load applied
to the end-point

have not been included yet [1]. From the ERLS theory, and following the most
common choice, we chose to force to zero all the three displacements of the
first node, i.e. the node which is linked to the chassis with a rotational joint.
Therefore the constrained dynamics can be expressed in terms of the first time

derivative of the space vector x*:

T
15}
X* = llq :Mm_l*(Mlx*—i—fg*—l—f*)
1

U
us
q

The symbol * is used to show that the constraints to the nodal displacements
have been considered. Therefore from the size of vectors x, f; and f, which is
[14 x 1], we arrive to the size of x*, fj and f* which is [8 x 1], since x* comprises
three elastic displacements and one angular postion, plus their time derivatives.
Matrices M,,, and M; also change accordingly to the size of [8 x §].

In this way we have developed a simple way to evaluate a matrix description
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of the dynamics system. As evident form the relations above, in order to evaluate
the model for a particular angular position ¢ and a speed ¢, it is needed to
evaluate matrices M,,, and M, and in particular the inverse of M,, matrix.
The computation of such inverse matrix is crucial to the time required for the
simulation of the model, and also for its numerical stability and accuracy. This

topic will be dealt with in greater detail in Chapter 4.

3.4.1 Simulink model for the 2 node SLM

The Matlab package Simulink has been chosen to develop the dynamic model of
all the simulators presented in this work. In particular, the simulators have been
implemented using S-functions, which allow to define custom Simulink blocks
using M o C code. The integration of such S-function routines can be preformed

easily using Matlab built-in integrators, such as ode45 or ode23.

il x|

File Edit View Simulation Format Tools Help

DeHE&| tBRe= 4| <er o) [Nemal ]| B & [

displacement u_x

displacement u_y

¥

asta_2_nodi

¥

(1 displacementu_z
torque |

1
q, torque

Ready [100% [ [ |ode 14x v

S-Fundtion

Figure 3.11: Simulink model for single link mechanism, discretized with a single
finite element

Figure (3.11) shows a Simulink program that implements the dynamic sim-
ulator of the 2 node SLM. The actual simulator is included in the block ”asta 2
nodi”, and it receives as input the torque applied to the mechanism. The four

scopes on the right side are used to plot the time evolution of the three elastic
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displacement and of the position of the mechanism. The s-function included
in the main block can be written using different languages, such as C, Matlab,
Fortran. In this case, as for all the other simulators presented in this work, C
code has been chosen. It has been noticed that C code routines require less
time to perform a simulation than Matlab code routines. The speed increment
has been evaluated to be at least 5 times in most cases. This is a fundamental
requirements for Real-Time systems. The simulator presented in this section,
can perform in Faster-Than-Real-Time, meaning that the time required for per-
forming a full simulation is shorter than the length of the simulated time. As
the result of a large number of trials, the aforementioned model can perform a 5
seconds simulation in around two seconds. The same model written using Mat-
lab code, requires around 6 seconds to complete the simulation. All this data
have been measured using Windows XP, which is a non Real-Time environment.
The choice of Matlab-Simulink environment has also the advantage of al-
lowing to compile the model with a standard C compiler, such as the popular
Microsoft .NET. The compiled code can be run on different platforms, such
as Real-Time OS. The Real-Time simulator has been run for several tests on
both Matlab’s Real-Time Windows Target and National Instruments Real-Time
LabVIEW OS. This topic will be dealt with in greater details in Chapter 5.
Here we briefly recall the implementation and the basic operation of a soft-
ware simulator built around an s-function. The structure of an s-function is
very simple, since it recalls the definition of a dynamic system of the type:

&= Ax + Bu
y=Cx+ Du

Vector x represent a state vector, while u represents the input variable to
the model, while y represent the output vector. Using one of the Matlab built-in
ode solvers (such as the popular ode45), the s-function is executed following the
flowchart shown in Figure (3.12).

During the first phase, i.e. the initialization of the model, the software eval-
uates the state vector at the time ¢ = 0. Considering the SLM, the static model
is used to evaluate the position and the displacements along the mechanism at

the initial configuration of choice. The state vector at ¢ = 0 has the form:
zo=[0 0 0 0 u(0) uz(0) wus(0) q(0) ]

The only value chosen by the user is the initial angular position of the link,

q(0), while the displacements at the same time are evaluated using the relation
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ue = Ko Mo, After this calculation, the output vector at time t = 0 is eval-
uated. After that, the first integration is performed by the ode solver, allowing
to evaluate the x and y vector at time ¢t = 0 + 6t. The the integration and
the evaluation of the outputs is repeated several times, up to the completion
of the simulation scenario chosen by the user. A proper choice of the size of
the integration step is fundamental to achieve good precision and an accept-
able simulation time. For non Real-Time simulations a variable step solver has
proven to provide a good accuracy with limited computational requirements.
For most of the simulation presented in this chapter and in the following ones,
ode23tb routine has been used. For the real-time application, the fixed-step
solver odel4x has been used instead, using a step time no longer than 1 ms.

The results of some simulations are reported in the following, concerning the
free evolution of the model with nonzero initial condition, i.e., in this case, an
initial angular position ¢ = —m/3. The SLM is composed by a 70 cm long steel
beam with square section 6 mm wide. The evolution of the model is reported
in Figures (3.13) and (3.14).
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Algebraic Loop Solver
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Figure 3.12: S-function: execution flowchart
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q [rad]

0.5 1
t[s]

Figure 3.13: Free response of the single-link mechanisms with initial condition
qo = —m/3: rigid displacement ¢

x10°
2

t[s]

Figure 3.14: Free response of the single-link mechanisms with initial condition
qo = —7/3: elastic displacements uy, us and ug
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As it can be easily seen form Figures (3.13) and (3.13), the beam behaves
like a flexible pendulum, since the angular coordinate ¢ evolves like a slightly
perturbed sinusoidal function. It should also be noticed that the magnitude of
the elastic displacements cannot be neglected even if no torque is applied to the
mechanism.

Figures (3.15), (3.16), (3.17) shows insted the response to a finite torque
stimulus applied to the rotational joint. The model starts from the rest condition

(¢ = —7/2), while a 1 Nm torque is applied from time 0.1 s to time 0.2 s:

o o
=) o
T T
L L

torque [Nm]

0.2 d

t [s]

Figure 3.15: Torque impulse applied to the FLM
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Figure 3.16: Forced response: angular position ¢
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Figure 3.17: Forced response: elastic displacements
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3.4.2 Simulink model for the 3 and 4 node SLM

A larger number of finite elements can be used to improve the accuracy of
the dynamic model. The accuracy is directly proportional to the number of
finite elements, but a finer discretization also brings an in increment in the
computational weight of the model. As it will be addressed in the following
chapters, one to three finite elements are usually a good compromise between the
accuracy of the model and its speed. Let’s now compare the results obtainable
with 1, 2 and 3 finite elements. In the first case there are 3 nonzero elastic
displacements, with 2 FE there are 6 nonzero displacement, and 9 nonzero
displacements with 3 FE.

Here some results are included to show the difference between the use of 1

or 2 finite elements. The torque applied in both cases is plotted in figure (3.18):

0.5 —

torque [Nm]

o
N
T
Il

0.1 .

-0.1 1 1 1 1 1 1 I I I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

t[s]

Figure 3.18: Applied torque

The resulting displacement along the three axes in the local reference frame
is plotted in figures (3.19, 3.20,3.21):

A non negligible difference in the response between the two model is present,
both concerning the amplitude and the number of vibrational modes. Using the

same procedure, also a comparison of 3 node and 4 node beams is presented
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Figure 3.24: Elastic displacement with 2 and 3 elements discretization: elastic
displacement u,
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3.5 4-bar linkage: dynamic model

The structure of the code used for the 4-bar linkage simulator is the same as
the one used for the single-link mechanism. The only substantial difference
is the inclusion of a routine that evaluates the position and speed kinematics
of the ERLS. This routine is necessary since the evaluation of the matrices
describing the dynamic model of the mechanism depend on both the angular
position and on the velocity of each moving link. The choice of the number of
finite elements and of the kinematic constraints is the same as the one chosen
for the static simulator presented before in the same chapter. Some simulation
results are presented here, in order to show both the free response and to a finite
non periodic torque solicitation. In particular, plots will report the response in
terms of the free coordinate ¢ and of the tree elastic displacements at the 6th
node (see figure 3.25), i.e. the displacement at the midspan of the longest link,

which we will refer as ug, u1g and 1.

node 4 = node 5

node 2 = node 3

node 6

Figure 3.25: Four-bar mechanisms: finite element discretization

The simulink model, which is based as for the SLM on a C coded s-function,

is shown in figure 3.26.

Free response

In order to show the free response of the 4-bar linkage, the mechanism is left
free to swing from the initial position gy = /2, without applying any torque to
the crank. The results of this simulation are plotted in figures (3.27,3.28,3.29),
wich shows the elastic displacements at the midspan of the follower link.

The evolution of crank angular position, as in figure (3.30), is that under

the gravity force load, the mechanism ”falls” toward the left:
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Figure 3.26: Simulink model for the flexible 4-bar mechanisms

As it can be seen, the magnitude of the elastic displacement is quite small.
This is because the mechanism has a closed kinematic chain, therefore is stiffer

than an open-chain mechanism with the same number of degree of freedom.

Forced response

Now we want to investigate the behavior of the mechanism under an additional
external force. In order to do this, the simulator is fed with a torque solicitation
of amplitude 1.5 Nm and 200 ms duration. The initial configuration is the same
as in the previous simulation, ¢y = 7/2. The torque is plotted in figure (3.32).

The evolution of the free coordinate ¢ and of the elastic deformation at node
6 is plotted in figures (3.32,3.33,3.34,3.35).
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Figure 3.27: Free response: elastic displacement ug along the x axis
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Figure 3.28: Free response: elastic displacement uyy along the y axis
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Figure 3.29: Free response: elastic displacement uq; along the z axis
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Figure 3.30: Free response: crank position ¢
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Figure 3.31: Torque sollicitation
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Figure 3.32: Angular position of the crank, g
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Figure 3.33: Elastic displacement at the 6" node: ug along the z axis
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Figure 3.34: Elastic displacement at the 6* node: ;o along the y axis
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Figure 3.35: Elastic displacement at the 6t node: u1; along the z axis
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3.6 Dynamic model for the 5 link mechanism

The same procedure and the same program structure used for the 4-bar linkage
has been adopted to develop the dynamic simulator for a five-bar linkage. For
the results presented here, the longest link (in this case the second link, counting
clockwise) has been discretized with 2 finite elements. In this way, we can
describe with higher accuracy the elastic behavior of such link. In particular,
the elastic displacements at the midspan of such link will be addressed in the
plots presented in this section. The resulting node disposition can be seen in
Figure (3.36):

node 5 = node 6

node 2 = node 3

Figure 3.36: 5 bar mechanism: finite element discretization

As already done before for the static model, the following elastic displace-

ments are forced to zero:

e the two displacements along = ed y axes at node 9, because of the rota-

tional joint

e the two displacements along x ed y axes at node 9, to take into account

the rotational joint
e the two displacements along x ed y axes at node 5 = 6

The latest choice is actually the result of a trial-and-error procedure, since
it has been noticed that this choice allows to avoid singular points which could
create numerical problems during the simulation of the dynamics of the mech-
anism.

The geometric and structural properties of the simulated mechanism are

reported here:
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Length of the links: Ly = 0.4 m, Ly = 0.7 m, L3 = 0.565 m, Ly = 0.5 m

Distance between node 1 and 9: d = 0.5m

e Area of the section of the links: A = 1.1025 x 10~% m?
e Young’s modulus: F =2 x 10! Pa

e Mass density if the links: p = 7850K g/m?

Free evolution

As already done for the single-link and the four-bar mechanism, the free evolu-
tion of the simulated mechanism is investigated here. The results presented here
refers to a simulation whose initial position for the two cranks are ¢; = 2/37
and g2 = 7/2. The only external force acting on the mechanism is the gravity
load.

The evolution of the positions of the two cranks are shown in figure (3.37),
while the elastic displacements at node 4 are plotted in figures (3.38, 3.39, 3.40).

Results are shown for a 500 ms time span.

45F : : 1

q1l
3.5 a2/

q1,q2 [rad]

25r b

15 T T i i
0 0.1 0.2 0.3 0.4 0.5

t[s]

Figure 3.37: Free response with initial conditions: ¢1(0) = 2/37 and ¢2(0) =
7 /2: angular positions ¢; and ¢o

56

Tesi di dottorato di Paolo Boscariol discussa presso I'Universita degli Studi di Udine.
Soggetta alle licenze creative commons (http://creativecommons.org/choose/).
Sono comunque fatti salvi i dirittidell’'Universita degli Studi di Udine di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



CHAPTER 3. SIMULATIONS 3.6. 5 LINK DYNAMIC MODEL

x 10

_5 Il Il Il Il
0 0.1 0.2 0.3 0.4 0.5

t[s]

Figure 3.38: Free response eith initial conditions: ¢;(0) = 2/3m and ¢2(0) = 7/2:
elastic displacement ug

Forced evolution

The response of the dynamic simulator to the torques exerted by the two ac-
tuators located at node 1 and node 9 is here investigated. It has been chose
to impose a constant torque whose value is 4 Nm from ¢ = 100 ms to ¢t = 250
ms for the first actuator. The second one produces a torque whose amplitude
is 5 Nm from ¢ = 100 ms to t = 300 ms. Otherwise both torques are equal
to zero. The evolution of the torques is plotted in figure 3.41. Also gravity is
included in the model. The closed-loop behavior of a similar mechanism will be
investigated in greater detail in chapter 5, where an advanced control technique

will be tested using the simulator of the 5-bar linkage.
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Figure 3.39: Free response eith initial conditions: ¢;(0) = 2/37 and ¢2(0) = 7/2:
elastic displacement u7
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Figure 3.40: Free response with initial conditions: ¢(0) = 2/37 and ¢2(0) =
m/2: elastic displacmenet ug
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Figure 3.41: Torque sollicitations to the two cranks
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The mechanisms evolves from the initial condition ¢; = 2/37w, g2 = 7/6:
during the first part the mechanisms ”falls” toward the right beccause of gravity,
but as soon as the two torques are nonzero, the mechanisms starts moving in

the opposite direction. The position of the cranks are plotted in figure (3.42)
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Figure 3.42: Evolution of angular positions ¢; and ¢

The three elastic displacement at the midspan of the second link are ¢g, g7 e
qs- They represents the three components of the displacement at node 4 along x,
y and z axis, respectively. Their evolution is depicted in figures (3.43,3.44,3.45).

60

Tesi di dottorato di Paolo Boscariol discussa presso I'Universita degli Studi di Udine.
Soggetta alle licenze creative commons (http://creativecommons.org/choose/).
Sono comunque fatti salvi i dirittidell’'Universita degli Studi di Udine di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



CHAPTER 3. SIMULATIONS 3.6. 5 LINK DYNAMIC MODEL

-3

x 10

ug [m]

_3 Il Il Il Il
0 0.1 0.2 0.3 0.4 0.5

t[s]

Figure 3.43: Elastic displacement alog the x axis at the midspan of the second
link
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Figure 3.44: FElastic displacement alog the y axis at the midspan of the second
link
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Figure 3.45: Elastic displacement alog the z axis at the midspan of the second
link
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Model Predictive Control

In this chapter an overview of the basics of Model Predictive Control will be
given. In order to introduce the reader to the topics of control of mechanical
systems, some general concepts of closed-loop control will be given. A general
overview of closed-loop control can be found on classic books such as [127],
[128],[129].

4.1 Control of robotic manipulators

The problem of control of mechanisms consists on finding a way to compute
the generalized forces that the actuator should supply in order to perform with
prescribed accuracy a pre-defined task. This task is of crucial importance in
modern robotics, where high-speed motion, precision, low power consumption
and safety are ever present goals. As it should be evident, the design of proper
control techniques are even more important for mechanisms with flexible ele-
ments (links and/or joints), since their non-minimum phase behavior [130] and
their being in most cases underactuated system [131] make their control a true
challenge if high performance is required.

In most cases the tasks for mechanical systems are specified in the operative
space, i.e. using a set of kinematic quantities (position, velocity, acceleration)
referred to the end-effector of the manipulator. On the other end, the motion
of the mechanisms is performed using the actuators, which are mounted usually
on the joints of the robot. The two tasks are quite different, since in the two
cases different problems must be overcome [132]. Therefore in the literature the

two problems are referred as control in the operative space and control in the

63

Tesi di dottorato di Paolo Boscariol discussa presso I'Universita degli Studi di Udine.
Soggetta alle licenze creative commons (http://creativecommons.org/choose/).
Sono comunque fatti salvi i dirittidell’'Universita degli Studi di Udine di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



4.1. CLOSED-LOOP CONTROL CHAPTER 4. MPC
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Figure 4.1: Generic control in the joint space

Xd —+>O—> Controller Je Manipulator > X

Figure 4.2: Generic control in the operative space

v

Jjoint space [133]. The difference between the two control approaches is made
evident in figures (4.1) and (4.2).

As it is evident in figure (4.1), the control in the joint space requires the use
of a kinematic inversion algorithms, i.e. an algorithm which allows to evaluate
the trajectory in the joint space from its equivalent in the operative spaace.
This work deals exclusively with control in the joint space, as the vast majority
of works available on flexible-link mechanisms [48].

The dynamics of robot manipulator, in the absence of external forces on the
end effector, without static friction and distributed flexibility, can be described

as:

B(q)q4+C(q,9)q+F,q+g(q) =7 (4.1)

in which B, C, F,,, g are the terms related to inertia, to Coriolis contribution,
to dynamic friction and to gravity, respectively. The control system has the
objective of evaluating the best values for the generalized torques 7 in order to

guarantee a motion q(t) so that:

q(t) = qq(t)

being q,(t) the desired trajectory for all joints of the mechanism, which can
be evaluated, in most cases, using a kinematic inversion algorithm. The vector
of positions of the actuators q,,, are linked to the joint position vector q trough

the following relation:
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r N feedback m robotic q

> .
control manipulator

Figure 4.3: Feedback control

r Tm . q
I feedforward > I'O.bOtIC |
control manipulator
Figure 4.4: Feedforward control
K,q=gq,, (4.2)

where K, is a diagonal matrix that takes into account for all the reduction
gears normally used in robotic manipulators. If K, is a diagonal matrix, it
means that each joint can be moved independently from all the other one be-
longing to the manipulator. Using relation (4.2), the vector of motor torques

Tm generated by the actuators can be computed as:

Tm =K, 717 (4.3)

The quantity 7, is usually computed by a control system, using the data
coming from one or more sensor for each joint. This is the case in which measures
are available is indicated as feedback control (see fig. 4.3), while when measures
are not used or not available, we speak of feedforward control (see fig 4.4).
While feedforward control can be an effective strategy for the control of robotic
systems, it is not dealt with in this work.

Another distinction can be made between control systems for robotic ma-
nipulators with just one or multiple actuators. The generation of a control
input can be made independently for each actuated joint, or in a coordinated
manner. In the first case, the effect of a joint movement on another joint is
treated simply as a disturbance, while in the latter the coupling effects between
joints are taken into account by the control system. Both of this approaches are
legit, the choice between the two of them is demanded on the control designer.
The approach used along this work belongs to the second class (coordinated
control), meaning that the single closed-loop control developed for the five-link

mechanisms moves both the actuators in a coordinated manner, since it relies
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Figure 4.5: Block diagram of a single joint actuation system

on a precise knowledge of the effects of both the actuators on the dynamics of

the whole mechanism.

4.1.1 Closed-loop control

In the simplest case, a robotic manipulator can be interpreted as being composed
by n independent systems, i.e. each joint can be controlled independently using a
SISO controller. Let us consider the case in which the manipulator is controlled
using rotary DC motors, as often happens in practical situations. Therefore
each joint can be represented by the block diagram represented in figure (4.5)
In this block diagram 6 is the angular position of the joint, J is the inertia
at the joint, R, is the armature resistance, and k; and k, are, respectively,
the torque and motor constants. Furthermore, G, denotes the voltage gain of
the power amplifier so that the reference input is the input voltage V. of the
amplifier instead of the armature voltage V,. It has also been assumed that
the mechanical (viscous) friction coefficient can be neglected with respect to the
electrical coefficient. Now the input-output transfer function of the motor can

be written as:

km

MO ST

where k,, = G,/k, and T,,, = R,J/k,k; are, respectively, the voltage-to-
velocity gain and the time constant of the motor. To guide selection of the
control structure, start by noticing that an effective rejection of the disturbance
d on the output 6 is ensured by a large value of the amplifier before the point
of intervention of the disturbance and by the presence of an integral action
in the controller so as to cancel the effect of the gravitational component on
the output at the steady state (i. e., constant ¢). Therefore the use of a

proportional-integral (PI) control system is a good choice.
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CHAPTER 4. MPC 4.1. CLOSED-LOOP CONTROL

Figure 4.6: Generic control for each independent joint

In this case, as shown in figure (4.5), the control action with position and

velocity feedback is characterized by:
Gp(S) =Kp (4.4)

1—sT,
— (4.5)
where G),(s) and G, (s) correspond to the position and velocity control ac-
tions, respectively. It is worth noticing that the inner control action G,/(s)
is in a form of proportional-integral (PI) control to achieve zero error in the
steady state under a constant disturbance d. This choice of controller brings an
important advantage: the resulting closed-loop transfer function is:
6(s) Frr
(4.6)

6 s = skryv s2
T( ) L+ Kpkrp + kmKpkrpKv

It can be noticed that equation 4.6 represents a second order system like:

1

__ Far
W(s)_1+fj—5+j—§

n

Therefore, trough a proper choice of the control system parameters, all the
values of the natural frequency w, and of the damping ¢ can be obtained. For

more reference on the choice of such parameters, refer to [133].

PD control with gravity compensation

Another control strategy that can be applied to robotic manipulators, and also
to flexible-link ones [134], is the proportional-derivative control with gravity

compensation. Such a controller is introduced here, since a similar approach
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Figure 4.7: PD control with gravity compensation: block diagram

has been used for some of the simulation work presented in chapter 6, where
the effects of gravity compensation is investigated together with PID and MPC
control. The structure of the controller is presented in the block diagram 4.1.1

The structure of the control is quite simple: g4 is the desired set-point for the
joint position ¢, while ¢ is the tracking error. K, and K, are the proportional
and derivative gains, respectively. The block diagram g¢(-) represents a generic
function that implements the gravity compensation, i.e. it provides the value of
the torque needed to compensate the effects of gravity for the actual position q.

Therefore the control action is:

u = Q(Q) + Kpa_ Kpq (4'7)

in which the (nonlinear) gravity compensation term is shown together with
proportional and derivative terms. This kind of controller has some advantages,
such as the property of global asymptotic stability for positive values of Kp
and Kp. In order for this to occur, the gravity compensation must be perfect,

otherwise the aforementioned property cannot be proved.

Optimal Control

Optimal control is a popular choice for the design of closed-loop controllers, both
for rigid and flexible-link manipulators. This kind of controller is quite appealing
for the control of mechanism and manipulators, since it can be easily applied
to MIMO plants with linear models. Nonlinear plants can be treated as well,
but in this work it has been chosen to focus on controls based on linear models.

Moreover, its design is based on a cost function, which can be chosen to enhance
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CHAPTER 4. MPC 4.1. CLOSED-LOOP CONTROL

some properties of the closed-loop system. Therefore, as a matter of example,
an optimal control can be chosen to be optimal in the sense of: minimum time
execution [135] of the task, minimum effort (or ’cheap control’) [136], minimum
energy [137], minimum jerk [138]. Moreover also mixed performance indexes
can be considered, such as minimum time-energy [139], and constraints can be
introduced as well [140]. Other variants such as robust control have been very
popular in the last years [141], counting also some implementation for flexible-
link manipulators [142], [86].

Here some basics on LQ (linear quadratic control) will be given, since it can
be useful to understand the derivation of unconstrained MPC given in the next
pages. Moreover this kind of controller has been used to obtain both numerical
and experimental results presented in chapter 6. The literature on optimal
control is very large, some excellent references are [128], [143], [144], [145].

In the traditional LQG (Linear Quadratic Gaussian) control it is assumed
that the plant to be controlled can be represented (if not perfectly, with a
sufficient level of confidence) by a known linear time invariant (LTI) model,
and that the measurement noise and disturbances are stochastic processes with

known properties. Therefore the plant model can be written as:

& = Az + Bu+ wy

y— Co 4w, (4.8)

where wy and w, are the disturbance and measurement noise, respectively.
As it should be familiar to the reader, x, y and u are the state, the output
and the input to the plant, respectively. The LQG control problem is: find the

optimal control u(¢) which minimizes the cost function J:

T

J=E{ lim % / [2"Qx + u” Ru] dt (4.9)
0

where @ and R are positive definite weighting matrices. This control is
called LQG, since the model is linear, the cost function is quadratic and the
noise is Gaussian. The solution of this control problem can be found using the
Separation Theorem: first the optimal control problem is solved (as in LQR
control - Linear Quadratic Regulator) without considering noise. In that case

the problem has a simple solution in the form of a state feedback law:

u(t) = —K,x(t) (4.10)
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4.1. CLOSED-LOOP CONTROL CHAPTER 4. MPC

in which K, is a constant state feedback matrix, whose computation does
not depend on wy and w,,. The following step is to find an optimal estimate & of
the state @, in order to minimize the expected value E {[z — &]”[z — 2]}. The
optimal state estimation can be achieved trough Kalman filtering techniques,
and it is independent form @ and R. Once the two problems are solved inde-
pendently, the feedback regulator can be applied as: u(t) = —K,Z, being & the
state estimation provided by the state observer.

The LQR control problem consists on finding the feedback law for a given
nonzero initial state of the plant x(0) that brings the state back to x = 0
along a path which optimizes a given performance index. In the case that the

performance index is:

5= [ 10" Qule) + u(t) Ru(v) a1)
0
the optimal solution is, for any initial state, u(t) = —K,x(t), where:

K,=R'BTX (4.12)

and X is the solution of the algebraic Riccati equation:

ATX + XA - XBR'BTX +Q =0 (4.13)

The Kalman filter has the same structure of a classic (such as Luneberger)

state observer:

&= Ai+ Bu+ K;(y — C#) (4.14)

where the optimal value of the gain matrix Ky is given by:

K;=vcTv! (4.15)

with Y solution of the algebraic Riccati equation:

YAT + AY —YCTVTICY + W =0 (4.16)

being W and V the power spectral density matrix of disturbance and mea-
surement noise, respectively. Such value for K; ensure the minimization of
E{lz — 2"z — 2]}

Combining optimal state estimation and optimal state feedback yields to the

definition of a feedback control as described in figure 4.8
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Figure 4.8: LQG control: block diagram

4.2 Predictive control strategy

A predictive control strategy is, generally speaking, a control loop strategy based
on a prediction model, which allows to compute a control action based also on
a forecast of the plant evolution. This is a general definition, which is needed
to classify the large number of predictive controllers which has been developed
since the seminal work of Richalet [146], which is dated back to 1978. Just to
give an idea of the importance of this class of control systems in both literature
and industrial applications, it is sufficient to say that the paper [90] reports
around 100 industrial applications up to 2002, or that the book [147] has been
cited more than 2000 times since year 2000.

The main idea behind model predictive control is to optimize a metric of the
forecast of process behavior. The forecasting is done, explicitly or not, using a
plant model, therefore the prediction model is the key element of such controller.
As obvious, models are never perfect, so feedback is still necessary. In all the
formulations of predictive control, the dynamic prediction is done in open-loop
[147].

The most common choice for MPC is to use linear models. The earliest
choices were to use input/output, step or impulse response models [146, 148,

149]. The use of simple model has been motivated by the appeal of simpler
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4.2. PREDICTIVE CONTROL CHAPTER 4. MPC

models to control practitioners in industry. However, the most recent technology

for linear MPC is based almost entirely on state-space models:

X = Ax + Bu
y = Cx+ Du

or the equivalent discrete-time:

{ Xj+1 = Ax; + Bu;
Yj+1 = Cxj + Dy
in which x(t), y(t) and u(t) are the system state, output and input, respec-
tively, and j is the discrete time step. Both continuous time and discrete-time
can be used. Without abuse of notation, here continuous and discrete-time
models will be indicated by the same matrix triplet (A,B,C). The popularity
of state-space formulation for MPC is motivated by several reasons, such as the
easy extension form SISO to MIMO problems, or the availability of efficient soft-
ware tools for the analysis and Real-Time computation. Moreover, the choice
of state-space model allows to easily interface with the classical formulation of
optimal control (LQ) and Kalman filtering. From a theoretical prospective, the
significant shift in formulation from the LQ framework came from the introduc-
tion of constraints, particularly on input variable:
x = Ax + Bu
y =Cx+Du

Du<d
Hy <h

or:

Xj+1 = Ax; + Bu;

Yj+1 = Cxj + Du;

Du; <d

Hyj <h

in which D, H are the constraints matrices and d, h are positive vectors.

The constraints region boundaries are straight lines. Optimization over inputs
subject to hard constraints leads immediately to nonlinear control, and that
departure from the well-understood and well-tested linear control theory pro-
vided practitioners with an important, new control technology and motivated
researchers to better understand this new framework. Certainly optimal control
with constraints was not a new concept in the 1970s, but the moving horizon im-
plementation of these open-loop optimal control solutions subject to constraints

at each sample time was the new twist that had not been fully investigated.
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The use of nonlinear models in MPC is motivated by the possibility of im-
proving control by improving the quality of the forecasting.

Determining the settings in which the use of nonlinear models for forecasting
delivers improved control performance is still an open issue. For continuous pro-
cesses maintained at nominal operating conditions and subject to small distur-
bances, the potential improvement would appear small. For processes operated
over large regions of the state space the advantages of nonlinear models appear
larger. The numerical results presented in the last part of this work are also
meant as an evidence of the fact that an MPC based on a linear plant can be
efficiently used for flexible-link mechanisms undergoing large displacements.

Regardless of the model form and identification method, for tutorial purposes

we represent the nonlinear model inside the MPC controller also in state-space

form:
x = f(x,u)
y = 9(x)
uceld
xe X
or:

xj+1 = f(xj,u )
y; = 9(x;)
u; € u
X5 € X
If the model is nonlinear, there is no advantage in keeping the constraints as
linear inequalities, so we consider the constraints as membership in more general

regions U, X.

4.2.1 MPC with linear models

Given the complexity and the relative lack of general results for nonlinear pre-
dictive control, in this thesis we will focus entirely on linear MPC. Here, in
order to properly introduce the predictive control strategy, we focus on formu-
lating MPC as an infinite horizon optimal control strategy with a quadratic
performance criterion. We use the following discrete time model of the plant:
Xjt1 = Ax; + B(u; +d)
y;= Cx;+p
The affine terms d and p serve the purpose of adding integral control. They
may be interpreted as modeling the effect of constant disturbance influencing

the input and the output, respectively.
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4.2. PREDICTIVE CONTROL CHAPTER 4. MPC

Assuming that the state of the plant is perfectly measured, we define MPC

as the feedback law u; = p(x;) that minimizes:

o0

o = éZ(Yi_y)/Q(yi_y)+(ui_ﬁ)

=0

/

R(ui — l_l) + Auj/Suj (417)

In which Au; = u; —u;_;. The matrices Q, R and S are assumed to be
symmetric positive definite. When the complete state of the plant is not mea-
sured, as is almost always the case, the addition of a state estimator is necessary.
The vector ¥y is the desired output target and u is the desired input target, as-
sumed for simplicity to be time invariant. In many industrial applications, the
desired targets are calculated as a steady-state economic optimization at the
plant level. In these cases, the desired targets are normally constant between
plant optimizations, which are performed on a slower time scale than the one
at which the MPC controller operates. As discussed by Bitmead et al. [150] in
the context of generalized predictive control (GPC), one can pose these types of
tracking problems within the LQ framework by augmenting the state of the sys-
tem to describe the evolution of the reference signal and posing an LQ problem
for the combined system.

For a time invariant set point, the. steady-state aspect of the control prob-
lem, is to determine appropriate values of (y,,xs,us). Ideally, y, = y and
u = u. Process limitations and constraints, however, may prevent the system
from reaching the desired steady state. The goal of the target calculation is to
find the feasible triple (y,,Xs,us) such that y, and u, are as close as possible

to ¥ and u. We address the target calculation below.

1 o0
¢=; > 7,Qz; + ViRv; + AV/SAv;, (4.18)
Jj=0
The original criterion (4.17) can he recovered from (4.18) by making the
mowing substitutions:
zj < y; — Cxs — p,
W; < X;j — Xg
V< u; —Ug

in which y, xg and u, are the steady states satisfying the following relation:

Xs = Axs + B(us +d)
ys = stp
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By using deviation variables, we treat separately the steady-state and the
dynamic elements of the control problem, thereby simplifying the overall anal-
ysis of the controller. The dynamic aspect of the control problem is to control
(y , x, u) to the steady-state values (y,,Xs,us) in the face of constraints,
which are assumed not to be active at steady state, i.e. the origin is in the
strict interior of X', U. As it will be addressed in more detail later, when the
constraints are not active, the feedback law is a linear quadratic regulator. With
the addition of inequality constraints however, an analytic form for p(w;) may
not exist. For cases in which an analytics solution is unavailable, the feedback
law is obtained by repeatedly solving the optimal control problem. This strategy
allows us to consider only the encountered sequence of measured states rather
than the entire state space. For a further discussion, see Mayne [151].

If we consider only linear constraints on the input, input velocity and outputs

of the form:

Umin < Duk < Umax
—Ay < Au <A, (4.19)
Ymin < kaf < Ymax
we formulate the regulator as the solution of the following infinite horizon

optimal control problem:

: IRy / /
Jmin (%) = 5;} z;Qz; + w;Ru; + AuSAu; (4.20)
subject to the constraints:
Wo = Xj — Xg
Vi1 =401 — Us
W1 = Awy + Bvy,
Z — CWk
Umin — Us < Wnax — Us
Ymin — Ys < Cwy Sanaz —Ys
Combining the solution of the target tracking problem and the constrained

regulator, we define the MPC algorithm as follows:
1. Obtain an estimate of the state and the disturbances = (x;,p, d)
2. Determine the steady-state target = (y,,Xs, Us)
3. Let u; = v; +u,

4. Repeat for j + j+1
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4.3 Unconstrained Model Predictive Control

In this section an unconstrained formulation of MPC control will be introduced.
The theoretical aspects have been taken from the excellent book by Wang [152].
This kind of formulation as been used as the basis for the development of the
control systems whose performance are investigated in Chapter 6. This formula-
tion has been chosen among the several available in literature for its clarity and
its straightforward implementation. In order to give the clearest explanation of
this formulation, the application to Single-Input Single-Output (SISO) plants
will be initially dealt with. As it will be evident, the extension to SIMO, MISO
and MIMO systems is quite straightforward.

4.3.1 State-space models with embedded integrator

As already highlighted before, the design of an MPC controller is based on a
mathematical object, i.e. the dynamic model of the controlled plant. For the
vast majority of the MPC formulation, and for the case under consideration
here, such dynamical model should belong to the class of linear time-invariant
systems with state space representation. In general all the linear-time invariant
systems can be put into their state-space representation, also using commonly
available software tools such as Matlab. Therefore the choice of this class of sys-
tems does not introduce severe constraints on the controlled plant. For the ease
of calculation and for the improvements on real-time computation, discrete-time
LTT systems with state-space representation is used widely, but similar results
are available for continuous-time systems. This kind of formulation, as we will
see in the next pages, allows to evaluate in a very straightforward manner the
forecast on plant future evolution. On the other hand it should be noticed that
different formulations are available in literature using different inner prediction
model. In particular, MPC refers to predictive control using state-space model,
while GPC (Generalized Predictive Control) [153, 154] refers to the implemen-
tation trough transfer functions. A state-space model has always an equivalent
formulation as a transfer function (and vice versa), but the state-space formu-
lation is more appealing when dealing with MIMO systems, or in general when
dealing with systems represented by a large number of state variable, such as

in the cases analized in this work.
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MPC of SISO systems

Let’s first introduce the formulation of a discrete-time SISO systems:

Tk +1) = Apzm (k) + Bru(k) (4.21)

Ym (k) = Crn@p (k) (4.22)

in which u is the input variable (or the control variable); y; is the output
of the system, while x,, is the state-space vector whose dimension is ny. k
represents the time. The development of the formulation of MPC of choice
requires to add an integrator to the model above. This can be done simply by
adding to the cited formulation a terms that links directly the output y(k) with
the input u(k) trough:

y(k) = Ornxm(k) + Dmu(k)

In the case under investigation, matrix D,, equals zero, i.e. we deal only
with strictly proper models. This choice complies with the representation of
linearized models that will be introduced in Chapter 6. Evaluating the difference

at both sides of eq. 4.21 one obtains:
T (k+1) =z (k) = Ap (2 (k) — 2 (k — 1)) + By (u(k) — u(k — 1))
We express the change of the state vector as:
Azp(k+1) =2k +1) — 2 (k) Az (k) = zp (k) — 2 (k — 1)
and the change of the control variable as:
Au(k) = u(k) —u(k —1)
These are the increments of variables x,,(k) e u(k). By operating a change
of variables, the incremental state space becomes:
Tm(k+1) = Apam (k) + Bru(k) (4.23)

It should be noticed that the input of the model is the very same u(k), as in

the classic state space system. The next step is to make explicit the relationship
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between the state vector x,, (k) and the output y(k). The correct procedure for

this task is:
T

z(k) = [ Az (k)" y(k) }

in which the symbol 7 represents the matrix transpose. We highlight that:
y(k+1) —y(k) = Cr(xm(k + 1) — 2 (k) = CrnAzy, (b +1) =

= Cr A Az, (k) + Con B Au(k) (4.24)

By using eq. 4.23 together with eq. 4.24 the following state-space model can

be computed:

z(k+1) A 2 (k) B

B

Avp(k+1) | _ [ Am  on | [ Azm(k) m

{ y(k+1) } B { CrnAp 1 ] [ y(k) } T CWSBm Au(k)
C
/_/% T
y(k)=[ om 1] { Ayz',;()k) } (4.25)

inVVhiChOm:[O 0o ... 0]

The triplet (A, B, () is referred as augmented model, and it will be used as
the basic building block for unconstrained MPC.

The following step is to find a way to evaluate the prediction on the outputs
as a function of the future values of the control variable, in order to find the
optimal sequence of control variables. This prediction (and optimization) is
defined for a time window whose length is equal to NV, discrete time steps.
Again the formulation refers to SISO systems, but the results are valid also for
MIMO systems.

State and output prediction

Let’s assume that at the sampling time k;, k; > 0, a measure of z(k;) is available.
The value of x(k;) describes the actual state of the plant. In most cases such
value is not directly available: it will be shown later in this chapter how to deal

with these cases. The future trajectory of the control is
[ Au(k‘z) Au(ki + 1) . Au(ki + N, — 1) ]

in which N, is called control horizon. It should be highlighted that the length

of N, is the number of values which define univocally the future evolution of
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the plant. From a given z(k;), the prediction of the states of the plant is made
for IV, future samples. Therefore IV, is the prediction horizon. We indicate the

future states of the plant as:

in which z(k; + m|k;) is the prediction of the state vector at time k; + m
evaluated starting form x(k;). The length of the control horizon N. is typically
chosen to be less (or at most equal) to the prediction horizon N,,. The forecast
on the plant dynamics is evaluated using the model (A, B, C) sequentially, using

the sequence of values that will be assumed by the control variable:

x(k + 2|k;) = Az(k; + 1lk) + BAu(k; + 1)

= Aga(k;) + ABAu(k;) + Bu(k; + 1) (4.26)

z(k+ Np) = ANva(k;) + ANv =L BAug (ki) + AN»—2BAu(k; + 1)
+.o.+ AN~ Ne BAu(k; + N, — 1)

Using eq. (4.22) in the equation above, one obtains the prediction of the
output:

y(k; + 1|k;) = CAx(k;) + CBAu(k;)
y(k; + 2|k;) = CA2x(k;) + CABAu(k;) + CBAu(k; + 1)
y(k; + 3|k;) = CA3x(k;) + CA2BAu(k;) + CABAu(k; + 1) + CBAu(k; + 2)

y(k‘, + Np|k’l) = CAN"JJ(]fi) + CANp_lBAu(k‘i) + CANP_QBAu(ki + 1)
+.o.+ CANe=Ne BAwu(k; + N, — 1)
(4.27)

It should be noticed that the prediction are formulated from the state avail-
able at time k;, which is x,,(k;), and from the future changes of the control
Au(k; + ), with j =0,1,...Nc— 1:

T

AU = [ Au(k) Aulki+1) Au(k;+2) ... Au(k;+N.—1)]"

The length of Y is INV,,, while AU has N, elements. Putting together eq.
(4.26) with eq. (4.27) in a single matrix expression, we obtain:

Y = Fa(k;) + PAU (4.28)
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in which

CA

CA?

F = cA3

CAN»
CB 0 0 e 0
CAB CB 0 e 0
o — CA’B CAB CB . 0

CAN»—1B CAN»—2B CAMN»=3B ... CAN»—Ne¢p
Optimization

Given a set-point 7(k;) a the sampling time k;, it is assumed that this value will
be kept constant for the whole duration of the optimization window. Under this
assumption, an optimization problem can be formulated in order to evaluate
the optimal vector of increments of the control variable, i.e. AU, in order to
minimize a metric of the error between the set-point and the predicted output.

Given the vector of set-point values:

NP
RT =111 1] r(ks)
the cost function J is defined as:
J= (R, —Y)T(R, - Y)+ AUTRAU (4.29)

The first term has the function of minimizing the distance between the pre-
dicted output and the set-point signal, while the second one is aimed at min-
imizing the changes of the control variable. R is a diagonal matrix built as:
R =ruIn.xNn. (re >0). 7, it’s the tuning parameter that allows to adapt
the response of the closed-loop system. If r,, = 0, the cost function (4.29) can
be read in this way: the aim off the optimization problem is to minimize the
error (R,—Y)T(R,—Y) without caring about the amplitude of AU. Meanwhile
choosing for 7, to be large allows to penalize large values of AU and still to
minimize also the error (Ry —Y)T(Rs —Y). As in most optimization problems
based on a quadratic function, a proper choice of the weights values is the re-

sult of a trade-off. Once that the cost function J is defined trough the choice of
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weights, the vector of optimal controls AU which minimizes J can be calculated

using equation (4.28), starting form:

J = (Rs— Fa(k))T(Ry — Fx(k;)) — 2AUT®T (R, — Fx(k;)) + AUT (T ®R)AU
(4.30)

Expressing the first derivative of J as a function of AU:
0T 50T (R, - Fa(ky) + 2(0T0 + R)AU (4.31)
OAU ° ‘ ’

the necessary condition for the minimum of J is:

aJ

RN

from which the optimal value of AU can be calculated as:

AU = (7@ + R)'®T (R, — Fa(k:)) (4.32)

if we assume that the quantity (®7® + R)™! exists. Matrix (®T® + R)~!
is usually called Hessian matrix. It should be noticed that Rs is the vector

containing the values of the set-point signal in the form:

NP
R =111 1 | r(k;) = Rer(k:)
in which:
NP
—_—
RI=]1 1 ... 1]

The solution of the optimal control problem is linked to the set-point signal

r(k;)) and to the state variable z(k;) trough the following:
AU = (7@ + R)'®T (Ryr(k;) — Fa(k;)) (4.33)

Closed-loop system

By analyzing the equations derived above, it can be noticed that at time k; the

optimal value of vector AU is calculated as:

AU = (9@ + R)'®" (Ryr(k;) — Fa(k;))
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in which the contributions (®7® + R)"1®T R, e (7@ + R)"1®T F depends
simply on the parameters of the dynamic model. Therefore, for a time-invariant
system, such values are constant matrices. Moreover, from the principle of
receding horizon, only the first value of AU at time k; is actually used in the

closed-loop control. Therefore:

Ne

Au(k)=[1 0 ... 1] (@T¢+R)*1<1>T(Rsr(ki) — Fa(ky))  (4.34)
= Kyr(kz) — Kmpcif(kl)

in which K, is the first element of:

(®T® + R)"'OTR,
and K. is the first row of:

(@T® + R)'oTF

Equation (4.34) represents the state feedback of a linear time invariant
model. The matrix of feedback gains is K,,p.. Therefore, using the augmented

model:
z(k+1) = Az(k) + BAu(k)
the closed-loop system can be obtained by substituting equation (4.34) into

the expression of the augmented system:

z(k+1) = Az(k) — BKppex(k) + BKyr(k) (4.35)

= (A = BKppe)x(k) + BK,r(k) (4.36)

Therefore the eigenvalues of the closed-loop system can be evaluated from

the closed-loop characteristic equation:
det [N — (A — BK,p.)] =0

Because of the peculiar structure of matrices C' and A, the last column of
F is equal to R,, which equals [ 11 ... 1 ]T, therefore K, equals the last
element of K. By noticing the state vector z(k;) = [ Azm(k)T  y(k) ]T,

and using the definition of K, it can be written that /. = [ Kz Ky ]7
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+ l"m(k + 1) J'm<k)
B, O
+

Figure 4.9: Block diagram of discrete-time model predictive control

where K, is the vector of feedback gains connected to Awx,, (k), while K, equals
to the feedback gain to be applied to the output y(k).

In this way the block diagram in figure (4.9) is completely defined. The block
g~ ! represents the backward shift operator. Such diagram shows the structure

of a discrete time MPC with integral action. The block 1_}1_ - is the discrete

time integrator.

4.3.2 Predictive control of MIMO system

In the previous pages the development of MPC control structure for SISO system
ha been dealt with for the sake of simplicity. That formulation can be extended
naturally also to systems with more than one input and/or output, trough a
careful use of the state-space representation.

We assume that the plant has m inputs, ¢ outputs and n states. It is also
assumed that the number of output is less or equal to the number if inputs, i.e.
q < m. Otherwise the formulation that will be shown here will not allow to
control independently every output with a zero steady-state error. In order to

make the formulation more general, also the effects of noise are added to the

plant:
Tk + 1) = A (k) + Buu(k) + Baw(k) (4.37)
y(k) = Cont (k) (4.38)
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in which w(k) is the input disturbance, modeled as an integrated white noise.
This implies that the input noise w(k) is related to the white noise with zero

average €(k) as in the equation:

w(k) — wlk — 1) = e(k) (4.39)

It should be noticed that, form eq. (4.37), also the following relation holds:

Tm (k) = Apmam(k — 1) + Bru(k — 1) + Baw(k — 1) (4.40)

By defining Az, (k) — 2 (k—1) and Au(k) —u(k—1), and than subtracting
eq. (4.40) to eq. (4.37) we arrive at:

Az (k+1) = A Az (k—1) 4+ Bpu(k — 1) + Baw(k — 1) (4.41)

In order to relate the output y(k) to the state variable Ax,,(k), we can
deduce that:

Ay(k+1) = CpAxp (kb + 1) = Cpy A Az, (k) + Cpy By Au(k) + C, Bae(k)

in which Ay(k+ 1) = y(k + 1) — y(k). By choosing the new state variable
x(k) = [Axm(k)Ty(k)T]T one obtains:

v tul B e W | e R P M EC R A MG

y(k) = [ om Ipuq | { A;g,;()k) } (4.42)

in which Iy, is an identity matrix of size ¢ x ¢, being ¢ the number of
outputs. o, is a matrix whose size is ¢ x ny with all null entries. In eq. (4.42),
Ay, By e Cp, have size ny X n1, np X m and ¢ X ny, respectively. In order to

get a simpler notation, we indicate eq. (4.42) as:

x(k+1) = Az(k) + BAu(k) + Bee(k)
y(k) = C(k)

in which A, B e C are the same as in the incremental formulation presented

(4.43)

in eq. (4.42). In the following, the dimension of the augmented state space will
be indicated as n = n; + ¢q. Now there are two more aspects that should be
investigated: the eigenvalues of the augmented model, and the realization of the

model in the state-space.
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Eigenvalues if the augmented model

The characteristic equation of the augmented model is:

. A
A — Ay, Om, = (A= 1)7det(\] — Ay,) =0 (4.44)

P =det | o A (A= 1)y

in which has been used the property of block triangular matrices of having a
determinant that equals the product of the determinants of the two matrices on
the principal diagonal. Therefore, the eigenvalues of the augmented model are
the eigenvalues of the original dynamic model plus ¢ eigenvalues A = 1. This
implied that the model includes ¢ integrators. This feature allows to include
integral action to the MPC.

Solution of MPC for MIMO systems

The extension to MIMO problems is quite straightforward, the only things to
pay more attention to are the size of the state, of the control and of the output
vectors. Let’s define the vector Y AU as:

AU = [ Au(k)”  Au(k;+1)T ... Au(k; + N. —1)7 |

Y= [ ulk; + k)" y(ki 4+ 2[k)" ylki +3k)T o y(ki + Nplki)™ |

Using model (A, B,C), the forecast on the evolution is calculated sequen-
tially starting from the values that will be ideally assumed by the control vector:
x(ki + 2|k;) = Ax(k; + 1|k;) + BAu(k; + 1) + Ba(k; + 1|k;)
= A%x(k;) + ABAu(k;) + BAu(k; + 1
+ ABce(k;) + Bae(k; + 1]k;)

z(k; + Nplk;) = ANva(k;) + AN» = BAu(k;) + ANe"2BAu(k; + 1)
+ ANo=Ne BAu(k; + N, — 1) + AN»=1 Bye(k;)6
+ ANe=2Bge(k; + 1|k;) + . .. Bae(ki + N, — 1|k;)

It is also assumed that e(k) is a white signal with zero average, and that the
predicted value of e(k; + i|k;) is zero. The prediction of the state and of the
output are calculated as the expected values of their respective values, therefore
the effect of noise on the prediction is null. For sake of simplicity, the expected

value symbol is omitted from there to the end of the section.
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Y = Fa(k;) + TAU (4.45)
with

CA
CA?
F— CA3
C AN»

CB 0 0 0

CAB CB 0 0

b — CA’B CAB CB 0

CAN»—1B CAN»—2B CAN»—3B ... CAN»—Nep

The optimal control in its incremental form for the lenght of the optimization

window can be calculated as:

AU = (272 + R)"YET Ryr (k) — S Fx(k;)) (4.46)

in which matrix £7Y has size mN,. x mN,, ST F has size mN, x n, while
YT R, equals the last ¢ columns of XTF. The weight matrix R is a block
matrix composed by m blocks, with the same size of ¥7%. The set-pint signal
is (ki) = [ ri(ks) ro(ki) ... re(ki) ]T, i.e. it is made by the ¢ set-point
signals referred to the ¢ outputs.

By using the receding horizon principle, the first m values of AU are used

to express the optimal incremental control:

Aulk))=[ In 0m ... om | (7@ +R)™" (@7 Ryr(k;) — ®T Fa(k,))

= KUT(kz) — KmpC.T(kJi)
(4.47)
in which I,, and o,, are, respectively, the identity and the null matrices of

size m X m.

86

Tesi di dottorato di Paolo Boscariol discussa presso I'Universita degli Studi di Udine.
Soggetta alle licenze creative commons (http://creativecommons.org/choose/).
Sono comunque fatti salvi i dirittidell’'Universita degli Studi di Udine di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



CHAPTER 4. MPC 4.4. CONSTRAINED MPC

Lm k 1
4 Zmlk+1) e (k)

> BTT!- +O q > CTH >
u(k)
1 ‘/_1171- B

1—g—1!

’
(k) * Observer [*

+

Ot Ko

Figure 4.10: Unconstrained MPC with state observer: block diagram

4.4 MPC: Constrained formulation

In this section the MPC formulation proposed by Macicjowski [147] will be
recalled. Comparing tho the formulation presented in the previous part of this
chapter, some new concepts, such as the difference between reference and set-
point signals will be introduced. Such design has been used for obtaining some

of the results presented in chapter 6.

4.4.1 The receding horizon concept

Figure (4.11) represents the basic concepts of predictive control. As previously
done, we refer now to a single-input single-output controlled plant. It is also
assumed to work with a discrete time plant and controller, with time denoted
by variable k. The output of the plant is y(k), and the figure represents the past
evolution (prior to time k) of the output. In the same figure also the set-point
trajectory is shown, i.e. the trajectory that the output should follow. The value

of the set-point at time ¢ is represented by s(t). The reference trajectory is
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in general different from the set-point trajectory. The first is defined from the
output y(k) as the trajectory that the plant should follow to reach optimally
the set-point. Therefore the choice of a proper reference trajectory plays an
important role for the definition of the closed-loop response. Typically it is
convenient that the reference trajectory approaches the set-point along an ex-
ponential trajectory. Therefore a 'time constant’ for this exponential function
can be defined. Therefore let 7.y indicate this parameter. If the tracking error

at current time is:

e(k) = s(k) —y(k) (4.48)

the reference trajectory can be defined so that the error i steps later is:

e(k +1i) = e T/ Trer (k) (4.49)

= Ne(k) (4.50)

in which 7, is the sampling time and A = e~7#/Tres. Tt should be noticed
that0 < A < 1. Therefore the reference trajectory can be defined as:

r(k+ilk) = s(k+1i) — e(k + 1) (4.51)

= s(k 4 i) — e 1T/ Trere(k) (4.52)

The notation r(k+i|k) indicates that the reference trajectory depends on the
conditions found at time k. It is possible to make other choices for the reference
trajectory, as a matter of example, it can be imposed for the trajectory to be a
straight line which meets the value of the set-point at a given time.

Let’s again assume that the inner prediction model is linear also for this
simulation. This brings many benefits in terms of theoretical treatment and in
terms of computational efforts. It will be shown in chapter 6 that this choice
allows to obtain very good results in all the test cases under consideration. It is
also assumed that a measure of y(k) is available when the choice of the value of
u(k) is made. This requires for the inner prediction model to be strictly proper,
i.e. that y(k) does depend on the past values of u: u(k — 1), u(k —2),..., but
not on u(k).

In the simplest case the input trajectory can be chosen so that the output

is going to reach the set-point at the end of the prediction horizon, i.e. at time
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Figure 4.11: Predictive control: the basic idea
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k+H, (being H, and H. the prediction and the control horizon, respectively). In
this way, borrowing Richalet’s notation [155], we implement a single coincident
point at time k + H,. There are certainly infinite trajectories of the input
u(klk) Lu(k+1lk) ... ,u(k+ H,—1|k) that can satisfy this goal, we
just need to chose one, such as the one with less effort, as an example.
Figure (4.11) for example shows that the input changes only for three steps,
and after that it remains constant. In this situation, we need to evaluate only
three values: w(k|k), u(k + 1|k), u(k + 2|k). In the same way we could impose

for the input variable to remain constant for all the prediction horizon:
u(klk) =ulk +1k) = ... =u(k + Hy, — 1]k)

Under this circumstance, it is needed to evaluate only a scalar value, which
is u(k|k); since we have to satisfy only the condition y(k + Hplk) = r(k +
Hp|k), the solution to the problem is unique. Anyway, for any length of the
the control trajectory under evaluation, only its first value if supplied to the
plant. Therefore, let us impose u(k) = u(k|k). At the following sampling time,
the whole procedure composed by the measure of the output, the prediction,
the evaluation of the input trajectory is repeated. After that, a new measure
of y(k + 1) is available, therefore we define a new trajectory for the reference
r(k+ilk+1) with (i = 2, 3,...); we operate a forecast on the horizon k+i+1, with
i=1,2,3,...,Hp, therefore a new u(k + 1+ ilk+ 1), with ¢ = 0,1,..., Hp —
can be evaluated. At last, the new input is fed to the plant: u(k + 1) =
u(k+1|k+1). Since the length of the horizon remains constant, but the horizon

‘slides’ forward, such strategy is referred as receding horizon.

Evaluation of optimal control

In the simplest case of a single coincidence point and of a single parameter to
choose in order to define the future evolution of the input, an unique solution
to the control problem exists. More generally, more than one coincidence point
could exist along the prediction horizon, and it might even happen that all the
points k+1,k+2,...,k+ H, are coincidence points. Anyway, it is often found
that greater the number of coincidence points is, the greater the number of
unknown parameters, making the exact evaluation of the solution impossible.
In this case it is necessary to perform an approximation. The most common
choice is to look for a minimum square solution, i.e. a solution which minimizes

the sum of the square of errors:
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> ek +11k) — gk + 1|k)]
icP

in which P indicates the set of indexes i corresponding to the requested
coincidence points.

Should the simplest problem considered here, i.e. a the case with a single
coincidence point located at k + H, and with only u(k|k) to be determined.
Conceptually, the following procedure can be used. The embedded model can
be used for predicting the free response s (k + Hp|k), which is the value of the
plant output at the coincidence point in the situation that the input remains
always at the value u(k — 1).

Should S(H,) represent the response of the plant to a step signal after H,
steps after the application of such stimulus, the predicted output at time k+ H,
is:

Gk + Hylk) = 5 (k + Hy|k) + S(H,) Aa(k|k) (4.53)

in which:

Ada(k|k) = a(klk) — u(k — 1) (4.54)

shows the variation from the actual input u(k — 1) to the predicted input
4(klk). The target is to obtain:

ik + Hy|k) = r(k + H, k) (4.55)

therefore the optimal variation of the input signal is:

r(k + Hp|k) - @f(k + Hp|k)

Aa(k|k) = A

(4.56)

Prediction

A way to calculate the prediction of the future control variable z(k+1|¢) from the
estimation of the actual state plant x(k|k) must be found to solve the control
problem. For ease of calculation, we base the formulation on the last input
u(k — 1) and on the estimation of its possible future variations Au(k + ilk).
This is conceptually the same approach which uses an incremental form for the
prediction model, as for the formulation by Wang [152] already presented in the

previous section of this chapter.
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Let’s consider the simplest case in which the whole state vector is measured,
ie. z(klk) = z(k) = y(k) (therefore C), = I), and in the absence of measurement
noise. The prediction of the plant future evolution is obtained by iterating the

plant model:

@(k 4 1k) = Az(k) + Ba(k|k) (4.57)

&(k +2|k) = Az(k + 1|k) + Ba(k + 1|k) (4.58)

= A%z(k) + ABu(k|k) + Ba(k + 1|k) (4.59)

i(k+ Hylk) = Ai(k + H, — 1|k) + Ba(k + H, — 1]k) (4.60)

= Afrx(k) + A"» = Ba(k|k) + ... + Ba(k + H, — 1|k) (4.61)

The input will change only at the time steps k,k+1,...,k+ H, — 1, and it

will remain constant afterwards. Therefore:
wlk+ilk) =u(k+ H, —1) per H,<i<H,—1

Our aim is to express the prediction in terms of Ad(k + i|k). We remember
that Atk + k|k) = a(k +i|k) — a(k 4+ ¢ — 1|k) and that at time k, u(k — 1) is
known. Therefore:

u(k|k) = Au(klk) + u(k — 1)
a(k+ 1|k) = Aa(k + 1|k) + Aa(k|k) + u(k — 1)

a(k + H, — 1k) = Aa(k + H, — 1|k) + ... + Au(k|k) + u(k — 1)
and
#(k + 1|k) = Az(k) + B [Aa(k|k) + u(k — 1)]
#(k 4 2|k) = A%x(k) + AB [Aa(k|k) + u(k — 1)]

+B Ak + 1]k) + Aa(klk) + u(k — 1)]

a(k+1|k)
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= A%x(k) + (A + I)BAG(k|k) + BAu(k + 1|k) 4+ (A4 I)Bu(k — 1)
@k + Hylk) = Afvg(k) + (A%=1 + ..+ A+ I)BAG(k|k)
oo =+BAuk + H, — 1|k) + (AT 4+ A+ T)Bu(k - 1)
Notice the change here:

@k + Hy + 1]k) = ATt lg(k) + (A" + ...+ A+ I)BAa(k|k)
..+ (A+ D)BAu(k + H, — 1|k)

i(k+ Hylk) = Afra(k) + (A7~ 4.+ A+ I)BAy(k|k)
(AT e A+ T)BAu(k + Hy, — 1]k)
+(AH T 4+ A+ T)Bu(k — 1)

Rewriting all in matrix form:

E+1E) ] [ A ] i B T
#(k + Halk) AL SH i
E(k+H, +1]k) | — | At z(k) + S pip u(k —1)+
i(k+Hp‘k) 1 L AHP i 2,52)071 AZB
r _ past
B .. 0
AB + B ... 0
: g ; Au(k|k)
Efi”o_l AlB e B :
Ho i :
Yl A'B - AB+ B Aa(k + Hy — 1|k)
L ngo_l A'B .- Z&O_H“ A'B |
future
(4.62)
The controlled variable prediction can be evaluated trough:
2(k + 1k) = C.a(k + 1|k) (4.63)
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5k + 20k) = Coi(k + 2/k) (4.64)
2k + Hylk) = Coie(k + H,k) (4.65)
or
Sk +1]k) GO T ek
: =\ . : (4.66)
5k + H,|k) Do | Leteemim

A little note on equation (4.62) must be made. Such equation includes the
evaluation of A’, with sometimes large values of i. This can lead to serious
numerical problem, especially in the case of an unstable plant, in which case
some entries of matrix A’ are very large in comparison with some others. This
effect worsen with the increase of ¢. The most convenient strategy is to operate

one iteration at time.

4.4.2 MPC control law

The formulation of an MPC control law must of course be originated from a
cost function to be minimized by the same control. Among the large number of

choices available, here the following function is taken into consideration:

H, H,—1
Vi(k) = I2(k +ilk) = r(k+ Dl5e + D 1Aulk+ilk)|[he  (4.67)
i=H,, i=0
Which can be rewritten as:
V(k) =12 = T(k)l5 + | AUK)|[7 (4.68)

with
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Z(k + Hylk) 7(k + Hylk)
Z(k) = ; T(k) = z
2(k + Hplk) 7(k + Hplk)
(4.69)
Ad(klk)
AU (k) = :
Au(k + H, — 1]k)
The weigh matrices Q and R are composed by:
Q(H,) 0 e 0
Q= . . . i (4.70)
0 0 Q(Hp)
R(0) 0 0
0 R - 0
R = ) . ) ) (4.71)
0 0 R(H)p)
Recalling that Z has the form:
Z(k) = Ua(k) + Yu(k — 1) + OAU(k) (4.72)
with appropriate matrices ¥, Y and ©. Let’s define:
E(k)=T(k) — Va(k) — Yu(k — 1) (4.73)

This vector can be thought as measure of the ’tracking error’, since it ex-
presses the difference between the desired trajectory and the ’'free response’ of
the system, i.e. the the response of the system in absence of future changes of
the input. This happens when AU(k) = 0. If £(k) was effectively equal to zero,
it might be chosen that AU(k) = 0.

It can be stated that:

V(k) = [|0AUK) — E(R)[[G + AU ()% (4.74)
= [AU(k)TOT — E(k)T] Q[OAU(k) — E(k)] + AU(k)TRAU(K) (4.75)

95

Tesi di dottorato di Paolo Boscariol discussa presso I'Universita degli Studi di Udine.
Soggetta alle licenze creative commons (http://creativecommons.org/choose/).
Sono comunque fatti salvi i dirittidell’'Universita degli Studi di Udine di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



4.4. CONSTRAINED MPC CHAPTER 4. MPC

=E(k)T QE (k) — 2AU(K)TOT QE(k) + AU(k)T [2T QO + R] AU(k)  (4.76)

If V (k) has the form:

V (k) = const — AUK)TG + AU(K)THAU(K) (4.77)

with
G =200Q€&(k) (4.78)

and
H=0T00+R (4.79)

and both G and H are not a function of AU(k), the optimal value of AU(k)
can be calculated by the null condition on the gradient of V (k). From eq. (4.77)
it is found that:

therefore the set of optimal future control changes is:

AU opt = %’H*lg (4.81)

It should be noticed that in practical situations only the first value of this
vector is actually fed to the plant, according to the receding horizon principle.
Therefore, if the plant has [ inputs, we use only the first [ rows of the vector

AU () opt. Such vector can be represented as:

I,  0p...,0
A’Z,L(k)opt = N—— AL{(k)Opt (482)

(H,—1)times

in which I; is the identity matrix of size [ x [ and 0; is a zero matrix with size
I x 1. It must be highlighted also that here Au(k)op: can be used here instead of
U(k|k)opt, since we have found a solution which is applied at time k. It might
happen that the solution just found corresponds to a stationary point which is
not the minimum. By taking the derivative of the gradient of Axyx)v (4.80)
with respect to a AU(k) the Hessian of V' is obtained:
0%V

AU 2H(07 Q0O + R) (4.83)
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It has been chosen that Q(i) > 0 for every 4, and this imples that 67 Q6 > 0.
Therefore if R > 0, the Hessian is positive definite, which guarantees that the
solution found before is the minimum of V. This applies when R(#) > 0 per
ogni 1.

If it is chosen that R = 0 for some (or all) the ¢, it happens that R > 0, but
not that R > 0. If R = 0, it is necessary that ©Q7 QO > 0 for the existence of
a minimum and for the existence of H~".

In the other cases, i.e. when R > 0, it must be checked that ©T QO +R > 0.
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4.4.3 Formulation as minimum square

The optimal solution, as found in eq. (4.81), should not be evaluated by taking
the inverse of H. Matrix © and H are rarely well conditioned. Therefore
particular numerical procedures should be used. The easiest way is to define a
minimum square problem. Since Q > 0 and R > 0, we can use matrices Sg e

Sw which are the respective ’square roots’:
SSSQ =Q SESr =R

Without going into details, AU(k)qp is the minimum square solution of

equation:
{ So eiuA(Z)U;) E(k) ] —0 (4.84)

or, equivalently of:
[ SSQR@ } k) = [ Sgg(k) } (4.85)

Equations in the form Af = b can be solved efficiently using the QR algo-
rithm. If using Matlab, the syntax is: 6,,, = A\b.

Remembering that:

Au(k)opt = [I, 01, ..., 0] H'OT QE () (4.86)

and:

£(k) = T(k) — Wa(k) — Tu(k — 1) (4.87)

The only part of the solution which changes at every time step is the track-
ing error £(k). Therefore an unconstrained predictive control system can be
represented as in figure (4.12). The block labeled as Ky pc is defined by:

Kypo = [I,0,...,0)H'0TQ (4.88)

We point out that the ’correct’ way of computing KMPC is (again using
MATLAB notation, including the ;" operator to pick out the first [ rows of the

solution):

500 So
K = 4.
full [SR]\{O (4.89)
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o~ [ aw  [a “. Y
u
Kypc > z_f1[ 1:‘; Plant -
! WK = X(K)
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¥ | bl Observer |-«—;
1
1
|
}

Figure 4.12: Structure of unconstrained control

Kype = Kprau(1:1,2) (4.90)

It is clear from the figure that the controller is a linear time-invariant system
in this case. So it is possible to compute its frequency response, stability margins
etc. Note that the controller is, in general, dynamic. It is not just ’state
feedback’, except under very special circumstances (refer to previous section).
The matrix K that can be computed computed by the Model Predictive Control

Toolbox function smpccon is related to Ky;pc as follows:

I

I
Ks = Kupce e et (4.91)

I

so that:
T (k)
Au(k)opt = K x(k) (4.92)
u(k —1)

Constrained Formulation

Here we deal with the case when constraints are present. Inequality constraints
are imposed on the control vector u(k), on its change rate Au(k) and on plant

controlled outputs z(k) as:
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Aumin S Au(k) S Aumax
Umin < u(k) < Umax ke [1, 2, ey Hp] ; (493)
k) <z

Zmin < Z(
or, taking the whole horizon as 3 vectors:
Aunw'n S AU S AZ/{rnar

Z/[min S u S Z/{maa: (494)
Zmin S Z(k) S Zmax

The constraints of Equation (4.94) can always be written as:

E[ AUtE) } <0 (4.95)
F [ U(lk) } <0 (4.96)
G{ 2k) } <0 (4.97)

Now all the constraints must be expressed as function of AU. Suppose that
F has the form:

F:[FlaFQa"'7FHu7f}

where each F; is of size ¢ x m and f has size ¢ x 1, so that (4.96) can be

written as:

H,

> Fiak+i—1lk)+ f<0

=1

Since
i—1
ik +i—1lk) =u(k — 1)+ > Ai(k + j|k)

j=0

we can write (4.96) as

u

H, H
ST FAa(klk) + Y. FyAa(k|k) + ...+ Fg, Na(k + H, — 1]k)
j=1

j=2
o,

+3 Fu(k—1lk)+ f <0
j=1

Now define F; = Efz“l Fjand F = [Fi,..., Fg,]. Then (4.96) can be written

as:
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FAU< —Fu(k—1) - f (4.98)

where the right-hand side vector is known at time k. In this way equation
(4.96) has been converted on a linear inequality constraint on AU(k).
A similar thing must be done also for eq. (4.97). Using eq. (4.72), (4.97)

can be rewritten as:

Uz(k) + Yu(k — 1) + ©AU(K)

¢ 1

<0
Now letting G = [T, g] where g is the last column of G, this is the same as:
I [Yz(k)+ Yulk — 1)+ TOAU(k) + g <0

or

['[Wz(k) + Tu(k —1)] < -TOAU(K) — g (4.99)

The last step is to put eq. (4.95) in the form:

WAU(K) < w (4.100)

Assembling inequalities (4.98),(4.99) and (4.100) yields to:

I —Fulk—1)—f
re | AUKk) < | -T[¥z(k) + YTu(k—1) — g (4.101)
w w

The cost function to be minimized is the same stated before, ie. V(k).

Therefore the optimization problem to solve can be formulated as:

minimize  AU(K)T (H)AU (k) — GT AU (k) (4.102)
subject to the inequality (4.101). Noticing that the problem has the form
Lor T
min 5(9 vo+ ¢ 0 (4.103)

subject to:

00 <w (4.104)

which is a standard optimization problem, known as quadratic program-

ming (QP in short) and many standard algorithms are available for solving it
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efficiently. Moreover, since H > 0, the problem is also convex, meaning that
the cost function has only has one minimum. Therefore there is no chance that
a local minimum is mistaken as a global minimum. The choice and the de-
velopment of the solution procedure are not dealt with in this work, since it
would go beyond the purposes of this thesis. The simulation presented in the
last chapter have been implemented with the aid of Matlab’s Model Predictive
Control Toolbox, which represents a very valuable tool for the control system

designer.
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Development of a Hardware-in-the-Loop testbed
for FLMs

5.1 Introduction

This chapter deals with the development and the experimental validation of a
Hardware-In-the-Loop (HIL) simulator of flexible-link mechanisms. The core
of the simulator is a highly accurate FEM nonlinear dynamic model of planar
mechanisms. The accuracy of the proposed simulator is proved by comparing
the response of the virtual model with the response of the real mechanism by
using the same real controller. Results are provided by the use of classical con-
trollers real-time capability of the dynamic model is guaranteed by a symbolic
manipulation of the equations that describe the mechanism, in order to avoid

the numerical inversion of the large mass matrix of the system.

5.1.1 Hardware-In-the-Loop systems

Real-Time systems can be used efficiently for the development and the fast
prototyping phased during the development of a control system. Let’s consider
a basic example of this approach, the development of a car engine control unit
(CU). The traditional approach for this kind of product is:

1. Software implementation of the engine’s dynamic model
2. Software implementation of the control system

3. Software simulation of the closed-loop system (engine+CU)
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4. Hardware implementation of the control system

5. Experimental tests using the CU prototype and the engine

For the first two steps a simulation suite can be used (such as Matlab
Simulink), or low-level languages can be used (like C or Fortran) to develop
the simulators for both the plant and the control unit. During this phase,
an unlimited number of tests can be run, experimenting different control sys-
tems and different implementation of the engine simulators. This phase usually
leads to the choice and definition of a proper control system. Just after that,
a physical prototype of the CU must be developed, in order to verify its cor-
rect functionality. The last phase can easily lead to big problems, since it is
necessary to effectively control the real car engine. This kind of experimental
tests are usually expensive both in terms of time and money. At the same
time, some particular testing conditions are hard to replicate, such as extreme
environmental conditions or operation in case of faulty device. Moreover, the
experimental testbed is in many case prone to mechanical failure, especially if
improper control actions are taken. A possible solution to all this problems
is the use of Hardware-In-the-Loop (HIL) systems. The Hardware-In-the-Loop
approach consists of the use of a simulated real-time model of the plant, whose
accuracy and complete I/O replication of the real plant allows to substitution
of the plant with the simulator. In this way, a seamless transition from pure
simulation to full hardware tests can be implemented. In particular, a HIL
simulator is a valuable tool for the tuning of closed-loop control strategies for
this class of mechanisms, since it allows to reduce the safety risks and the time
needed to fine tune the real-time controllers. The experimental tests of control
strategies for vibration reduction in flexible-link mechanisms (FLMs) give rise
to some technical problems. FLMs are quite prone to mechanical failure, which
occurs, for example, if strong torques warp the links as a consequence of an
unsuitable control strategy. This also represents a potential safety risk for the
operator. Replacing a broken link is a time-consuming task, since it is needed
to attach a new strain gauge bridge to the beam, and to calibrate the strain
gauge amplifier. Moreover the small differences often encountered between two
links can reduce the reproducibility of the experiments.

One way to solve the problem can be found in Hardware-In-the-Loop (HIL)
simulation. This technology allows the complete and right interaction of a real
device (the controller) with a simulated one (the FLM).
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Figure 5.1: Experimental tests: traditional approach
8

In this case, the software that implements the dynamics of a flexible-link
mechanism can be executed on a PC-based device and, through an I/0O interface,
the interaction with the real control system can be established. By using this
method, many tests to get a suitable tuning of the control device can be done
without involving the real mechanism, thus reducing the risk of mechanical
failure as a result of an improper setup. A HIL simulator is a valuable tool to
give an evaluation of the performance of the control unit under investigation, in
particular it can be used to test its real-time capability. Many modern control
techniques, such the very popular Model Predictive Control, are very demanding
in term of computational power, so their Real-Time implementation can be
very critical when high bandwidth and high complexity processes are involved.
The proposed device can be used also to perform an in-depth analysis of the
robustness of the control system under test. In many application, especially
when model-based control is concerned, it is necessary to evaluate how the
control unit would behave in the presence of mismatches between the modeled
and the real plant. These test can be easily implemented with the aid of a
Hardware-In-the-Loop simulator of the plant, simply by adding some parametric
mismatches, nonlinearities, noise, etc. to the simulation model. Among the
advantages of the use of HIL simulators, lower implementation costs must be

mentioned. Generally, and also in the considered case, the cost of the hardware
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Figure 5.2: Experimental tests: Hardware-In-the-Loop approach

needed to set-up a simulator like the proposed one is one fraction of the cost of
building a real prototype. Moreover, it should be noticed that a careful design
of an HIL test-bench allows to perform a seamless transition from the HIL to
the traditional experimental setup, in the case that the HIL simulator has the
very same physical connection to the control unit.

Other advantages of the HIL approach are:

o reproducibility of experiments

@]

the ability to perform tests which would otherwise be impossible, imprac-

tical and unsafe

o

a shorter time required for experimental testing

o

testing the effects of component faults

O

long-term durability testing

Hardware-In-the-Loop technology is experiencing a wide diffusion in many
industrial fields, in the wake of its early but successful introduction in the
aerospace [156] and automotive [157] research areas. More recently many pa-
pers have been written on the subject of HIL simulator for mechatronic systems,
such as [158, 159] on the use of HIL in machine tool design, [160] on the design
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of mobile robots and [161, 162, 163] on the analysis and synthesis of robotic sys-
tems. However, to the authors’ best knowledge, there are no papers available
in literature on the development or the use of Hardware-In-the-Loop simulators
for mechanisms with link flexibility.

One requirement of the dynamic model used for the HIL simulation is the
Real-Time capability, since it is necessary to make it interact with real-world
signals, as the input and outputs of the control system are used in the feedback
loop. This is a challenging problem, since the FLM dynamic model is both non-
linear and high order. It involves large and badly conditioned matrices whose
computation requires a large amount of resources [126]. Moreover, the structure
of the model and its parameters make the dynamic equation ill-conditioned.

The proposed simulation can also be used for Real-Time SIL (Software-
In-the-Loop) simulations [164, 165]. This strategy involves the interaction of
two software devices, that in this case would simulate the mechanism and the
control unit, respectively. This approach, while certainly valid, is less useful
for our purposes than the HIL approach, since our target is to provide a full
validation of the hardware implementation of the control system. In fact, unlike
the SIL, the HIL technology allows to test the control unit as a whole system,
composed by its hardware components (processor, memory ,I/O devices) and
its firmware.

Next section provides a brief explanation of the FLM dynamic model, while
the main characteristics of the test bench are exposed in detail. In Section
3, some details of the Real-Time implementation will be introduced. In the
fourth section, the experimental results are presented. Here the validity of this
approach is investigated by comparing the response of the HIL simulator with
the response of the FLM to the same real controller. Two classical control
strategy are tested: a usual PI controller and an Optimal LQY regulator.

Here two well-known control strategies are applied to the simplest flexible-
link mechanism, namely the 1-link FLM, but the authors’ aim is to address
their future work to extending the capabilities of the proposed simulator to the
4-link FLM already analyzed in [106] and to use such a simulator to test the
capabilities of the Model-Predictive Control proposed in [105, 103].

5.2 Reference mechanism

The mechanism for the HIL simulation is a flexible-link manipulator. The link

is a square-section metal rod actuated by a brushless AC motor. It can swing in
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Table 5.1: Structural and dynamics characteristics of the flexible rod

Symbol  Value

Young’s modulus E 230 - 10° [Pa]
Flexural stiffness EJ 191.67 [Nm?]
Beam width 1-1072 [m]

a
Beam thickness b 1-1072 [m]
Mass/unit length m 0.7880 [kg/m)]
Flexible Link length 1 1.5 [m]

Strain sensor position s 0.75 [m]

First Rayleigh damping constant « 4.5-1071 [s7Y
Second Rayleigh damping constant (3 4.2-1075 [s7Y

the vertical plane and its rigid configuration depends on the angular position g.
The FLM prototype is depicted in Figure 6.51. The Structural and dynamics
characteristics of the flexible mechanism can be found in Table 6.4.

Evidence of exhaustive experimental tests allows to choose the suitable num-
ber of finite elements needed to describe the mechanism’s dynamics accurately.
The main frequencies of the flexible rod have been inferred by analyzing the
spectrum of the vibration when the rod is excited by tapping its end with a
steel hammer. This experimental data is then compared with the response of
the HIL simulator to the same stimulus. Such conditions can be reproduced by
locking the rotation of the rigid degree of freedom ¢ and providing a sequence
of impulsive forces to the last node of the FLM.

Figure 5.2 shows the results of this comparison. The black line draws the
FFT of the strain-gauge signal, acquired through a Hottinger Baldwin Messtech-
nik KWS 3073 amplifier. The gray line shows the FFT of the corresponding
displacement of the HIL simulator, for the node at the mid-span of the link.

Experimental tests allow to choose the correct number of finite elements and
show that just 4 elements can describe the overall dynamics of the link with good
accuracy, as proved in Fig. 5.2. The HIL simulator can take into account, with
negligible errors, the first three modes of the real mechanism (namely 4.5 Hz,
28 Hz, 81 Hz) and, with lesser but still sufficient precision, the modes at 167
Hz and 274 Hz. It should be pointed out that the modes of high order are less
important for the description of the elasto-dynamics of FLM, since they have a

very fast decay-time. As such, the resulting nodal displacement is a vector of
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Figure 5.3: The mechanisms used for experimental tests

12 elements:

u = [ up Uy Uug N U1 U2 :Il (51)

The strain measured can be directly linked to the angular displacement wug,
located at the third node, as it can be seen in Fig. 5.5. From this choice of
finite elements, the state vector x that describes the system has 26 components,
and the size of the mass matrix of the whole dynamic system (see Eq. (2.10))
is 26 x 26.

The accuracy of the Hardware-In-the-Loop simulator has been increased

including the non-ideal behavior of the real plant. Additive white Gaussian
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Figure 5.4: Frequency spectrum of strain signal: comparison between experi-
mental results and HIL simulation
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Figure 5.5: Finite-element discretization: nodal displacements

noise have been added to both the simulated strain-gauge signal and to the
simulated signal of the encoder. The contribution on strain-gauge signal is
crucial, since this kind of signal is affected by large amount of noise, due to the
strain-gauge amplifier high gain. Moreover this signal is highly affected by the
noise irradiated by the motor driver power supply. The gain of the simulated
strain gauge amplifier has been set to 200, meaning that an elastic displacement

of 0.01 radians would produce an analog signal with 2 Volts amplitude.

The dynamics of the motor driver and of the actuator have been modeled
as a first order low-pass filter with time constant 7,,, and the moment of inertia

of the motor J,, has also been included. Such values, which are reported in
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Table 5.2: Dynamic characteristics of the actuator

Symbol  Value

Motor time constant Tm 3 [ms]

Motor shaft inertia Im 0.0021 [kg m?
Coulomb friction coefficient 1 0.1

Driver torque analog command gain Gy 0.4 [Nm]/[V]

Table 2, have been evaluated experimentally to refine the accuracy of the simu-
lated dynamic model. The two Rayleigh damping coefficients listed in Table 1
have been also determined experimentally, by comparing the decay time of the

vibration of the real mechanism with the one of the HIL simulator.

5.3 HIL implementation

The goal of the Hardware-In-the-Loop simulator is to make the real controller
and the simulated model interact with each other, without any need of change
on the structure and/or the tuning of the controller. As such, the dynamic
model must meet two main requirements: (a) high accuracy (b) real-time (RT)
capability. The accuracy allows to mask the virtual model to the controller and,
undoubtedly, allows to make the experiments consistent. The dynamic model
described above has been investigated by the same authors and its accuracy
has been demonstrated in recent papers by comparing the results of several

experimental tests with the corresponding simulation’s results [47].

The need for the RT capacity arises from the mentioned interaction be-
tween real and simulated signals. This requires the dynamic model running on
the RT target must have a constant updating frequency to allow the correct
synchronization among the signals. These constraints ask for some algebraic

manipulations on the dynamic model.

We briefly recall the matrix formulation for the dynamics of a planar flexible-

link mechanisms (see Chapter II):
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Real-Time
controller HIL
simulator

Figure 5.6: The HIL test bench: PXI-based simulator and Real-Time controller

[f }:[—21\/1@—&1\/1—51( —-MS —K} u

T T TANG q
S'f S*(—2Mg —aM) —-S"MS 0 u (5.2)
M I g
Tls™ sT||F
The last equation can be rewritten as:
M MS 0 O i M I
S™ STMS 0 0 g| | s™ s7 g |,
0 0 I 0 a | 0 0 F
0 0 0 I q 0 0
Mg —-aM—-BK -MS -K 0 i
4| 8T(-2Mg — aM) —-ST™S 0 o0 q
I 0 0O O u
0 I 0 O q
or, in a more compact form:
M(x,t)%x = ®(x, F, 1) (5.3)

where:

X = [uv (317 u, q]T
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and
M I Mg —-aM-BK -MS -K 0
| ™ s7 g ST(—2Mg —aM) -STMS 0 0
P(x,F, 1) = 0 0 [F + : 0 o ol*
0 0 0 I 0 0
M MS 0 O
- ST™ STMS 0 O
M(x, 1) = 0 0 I o0
0 0 0 I

From Eq.(5.3), it can be seen that the updating equation of the dynamic
system involves a large, non-linear and time-dependent matrix, 1\7I(x,t), which

needs to be inverted at every iteration.

%x = M(x,t) "' ®(x,F, ) (5.4)

It should be point out that, owing to the specific choice of the constraints on
the flexible displacements u, the matrix M is always nonsingular.

To speed up the computation of x and improve the updating time, it is nec-
essary to make explicit the vector x, by computing its components algebraically.
This operation can be done off-line and improves the updating time drastically,
since the computation of Eq.(9) becomes a mere numerical substitution during
the run-time operations. The main drawback of this approach is that a large
amount of memory is required to memorize all the components of the vector.

An optimized C-code routine corresponding to Eq. (5.4) further improves
the real-time (or even faster-than-real-time) capacity.

The RT simulation of the whole system, including sensors, actuators and
drivers runs on a National Instruments PXI device. It integrates a standard
PC-based CPU with a high performance I/O board, so it is well suited for both
control and measurement applications.

In particular, the HIL simulator has been implemented on a 1042Q PXI
chassis with a PXI-8110 controller, a PXI-6259 analog I/O board and a PXI-
6602 counter board, all made by National Instruments®.

The dynamic equation, originally written in C language, can be easily in-
cluded in a LabVIEW RT project.

In order to evaluate the maximum refresh frequency of the HIL simulator, a
large number of tests has been done. The aim was at evaluation of the maximum

time required for the computation of equation (5.4).

113

Tesi di dottorato di Paolo Boscariol discussa presso I'Universita degli Studi di Udine.
Soggetta alle licenze creative commons (http://creativecommons.org/choose/).
Sono comunque fatti salvi i dirittidell’'Universita degli Studi di Udine di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



5.4. VALIDATION CHAPTER 5. HIL TESTBED FOR FLM

The results show that the mean time required is 7' = 0.61831428 ms, eval-
uated with the precision of 4 x 107 s. As a consequence, the model’s refresh
frequency for all the experimental tests presented in this paper has been set to
1 kHz. This sampling frequency is sufficient to describe with a good accuracy
all the first seven modes of vibration of the flexible link. The computational
weight of the model could be reduced by using a more efficient programming
technique, for example by using Fortran instead of C code. However, the main
limit to the approach proposed here is the computational burden of the symbolic
computation of the explicit form of eq. (5.4). So far, using Matlab routines on a
standard PC, the author has succeeded only at computing the explicit dynamics
for a single flexible link, since all the attempts on trying to replicate the pro-
cedure for a flexible four-bar linkage have failed, due to the greater complexity
of the equation involved for such mechanisms. However better results might
be obtained in the future in the wake of the use of a more powerful hardware

platform or of a more suitable software.

5.4 Experimental validation of the HIL simula-
tor

A set of experimental tests has been conducted to prove the effectiveness of
the HIL simulator. In particular, the simulator has been validated by using
classical controllers while the comparison between the open-loop responses of
the real and the simulated plant is necessary missing. This depends on the
gravity force that makes unstable the plant. It must be pointed out that, for
each experimental test, the same (real) controller has been used both for the
real mechanism and the simulated one, without any change on its setup. In the
next subsection the simulator is validated by comparing the step response of the
real and the simulated mechanism, when the controller implements a simple PI

regulator. After that, the same comparison is done by using a LQY regulator.

5.4.1 Validation with PI closed-loop position control

In this section, the real controller implements a simple PI regulator with a feed-
forward gravity-compensation action. The block diagram of the control system
is depicted in Fig. (5.7). Figure (5.8) shows the comparison between the angular
position of the real mechanism and the HIL simulator. The reference signal is

a 3 degrees wide step. It can be seen that the two positions are almost equal.
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Figure 5.7: PI position control: control diagram

In Figs. (5.9) and (5.10) the torque commands and the strain gauge signals are
compared, respectively. In Fig. (5.9), the small difference between the real and
the simulated signals is due to the approximation of the link curvature with the
nodal displacement ug. All the figures demonstrate the effectiveness of the HIL
simulator. As such, it can simulate with a good accuracy the behavior of the
real mechanism. A PID control system might have been used as well, but the
choice of a simple PI control has been motivated for its damping properties: a

less damped system is more demanding on the accuracy of the HIL test bench.

5.4.2 Validation with LQ closed-loop position and vibra-
tion control

In this section a further proof of the accuracy of the Hardware-In-the-Loop
simulator is given, by comparing with each other the responses of the real and
the HIL-simulated plant by using a LQ position-vibration controller with an
integral action. A graphic representation of the control’s loop structure is shown
in Fig. (5.11).

Owing to the space constraints of this paper, just a basic overview of this
controller will be given. A complete explanation of this controller can be found
in [128].

The design of such a controller is based on a linear state-space model of
the FML which has been obtained through a classical linearization procedure

of Eq.(5.3). The resulting state-space model can be written as:

{ x(t) = Ax(t) + Bz(?) (5.5)
y(t) = Cx(t) '
where A € R?6 x R?6, B € R* x R!, C € R? x R?S are time-invariant

matrices.
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Figure 5.8: PI position control: experimental validation of the angular position
closed-loop response

In order to provide an integral action to the controller, the state-space model
must be augmented. The tracking error can be defined so that its time derivative

obeys the following differential equation:

W = r(r) — y(t) = r(t) — Cx(1) (5.6)

where r(t) is the desired trajectory that the plant output y(¢) should follow.

In this way w(t) is the integral of the tracking error. An augmented state vector

%X can be defined such as: x = [ jv } , then the augmented state equation is:

(1) = [ o }m@mu (5.7)
A B d

while the augmented output equation is:

y=[C 0]% (5.8)

The LQY controller calculates the optimal control sequence 7(¢) which min-

imizes the performance index J, defined as:
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Figure 5.9: PI position control: experimental validation of the torque closed-
loop response

(oo}

J= 5/ {(yfr)T Q,(y-r) +WTQwW+zTRz}dt (5.9)
0

The first term inside the integral minimizes the absolute value of the tracking

error of free coordinate ¢ and the elastic displacement, whereas the second takes

into account the absolute value of integral error of g. The last one minimizes the

system input, namely the torque applied to the link. Q, is a diagonal matrix

of weights, while Q,, and R are simple scalar values. The value of the control

variable can be found as:

z(t) = —K,x — K,w + K,r (5.10)

where the optimal value of the gain matrices K., K,,, K, are found through
the solution of the algebraic Riccati equation. The control strategy explained
above can be applied only when a measure of the whole state x is available. In
this application, there are only two measured values, so that a state observer
must be used. Here a standard 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) through:
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Figure 5.10: PID position control: experimental validation of the strain gauge
signal closed-loop response - detailed view of the transient

{ ) ] _ { kﬁl(clilrk—_li) } +L(y,, (k) — §,. (k)

X (|K)
x(k+1k) | [ Ax(k|k) + Bz(k) (5.11)
{ X (K + 1]k) } B [ Ax,, (k|k) }

ym(k) - Cmf((mk - 1)
The gain matrix L is designed by using Kalman filtering techniques, see
[127).
The response of the HIL simulator and of the mechanism when the LQ
position and vibration control is used are reported in Figs. (5.12 — 14) and in
Figs. (5.15 — 17). Two different tunings of the control system have been used

to show how the HIL simulator can respond to different control parameters.

LQ control: experimental validation

The first experimental validation using the LQ optimal control with integral

1000 0 } and

action is done using the following tuning parameters: Q, = { 0 50

Q,, = 100.

The initial position of the mechanism is 90 deg., and the reference signal is
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Figure 5.11: LQY with integral action position and vibration control: control
diagram

-
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o

a step that moves form 90 to 94 degrees. The response of the mechanism and
the HIL simulator are compared in Fig. 13. As it can be seen, the responses are
very similar each other. The small discrepancies are the result of the limited
accuracy of the brushless motor torque control. A more accurate comparison

would require to effectively measure the torque produced by the actuator.

The values of the torque computed by the real-time control system are com-
pared in Fig. 14. Again, the accuracy of the HIL simulator is confirmed by the

likeness of the two torque profiles.

The accuracy of the proposed Hardware-In-the-Loop simulator in terms of

vibration response is shown in Fig. 15.

It should be noted that the LQ controller needs the HIL simulator have
a higher level of accuracy comparing to the requirements of the previous PI
control, since it also relies on the elastic displacement for the computation of

the control action.

The second experimental validation is done by setting the following param-

eters: Q, = { 580 180 ] and Q,, = 50.

As it can be seen from Figs. 5.15,5.16,5.17, the likeness of the two responses
exhibited in the previous test is kept at the same level also after altering the
tuning of the control system. Some discrepancies are visible in figures 5.14
and 5.17, in particular it can be seen that the amplitude of the vibration is
not perfectly reproduced by the HIL simulator. This behavior, that was not
detected using the PID control system (see fig. 5.10), might be due to both some
inevitable mismatches between the model and the actual mechanisms, both to

the less then perfect state estimation, that is reflected trough the controller’s
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Figure 5.12: Optimal control: experimental validation of the angular position
closed-loop response

action to the closed-loop response.
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Figure 5.13: Optimal control: experimental validation of the torque closed-loop
response
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Figure 5.14: Optimal control: experimental validation of the strain gauge signal
closed-loop response - detailed view of transient
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Figure 5.15: Optimal control: experimental validation of the angular position
closed-loop response
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Figure 5.16: Optimal control: experimental validation of the torque closed-loop
response
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Figure 5.17: Optimal control: experimental validation of the strain gauge signal
closed-loop response - detailed view of transient
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MPC control: experimental results

Vibration suppression in flexible link manipulator is a recurring problem in most
robotic applications. Solving this problem would allow to increase many times
both the operative speed and the accuracy of manipulators. In this chapter an
innovative controller for flexible-links mechanism based on MPC (Model Pre-
dictive Control) with constraints is proposed. So far this kind of controller has
been employed almost exclusively for controlling slow processes, like chemical
plants, but the authors’ aim is to show that this approach can be successfully
adapted to plants whose dynamical behavior is both nonlinear and fast chang-
ing. Therefore in this chapter such controller will be applied to control both the
position and elastic displacements of different examples of flexible-links mecha-

nisms. The mechanisms under investigation are:
e single-link mechanism with gravity
e four-bar mechanism
e five-bar mechanism

The effectiveness of this control system will be compared to the performance
obtained with other classical control systems, such as PID and linear quadratic

regulators.

6.1 MPC control of a four-bar linkage

In this section a model predictive control with constraints is proposed for vibra-

tion control in a four-link flexible mechanism. The choice of this control strategy
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has been motivated by different factors. First, the prediction ability based on
an internal model can be a very effective advantage in fast-dynamic systems.
Then MPC is well suited to MIMO plants (in this case the mechanical system
will be modeled as a SIMO plant), since the outputs are computed by solving
a minimization problem which can take account of different variables. Another
strong plus of this control strategy is represented by its ability to handle con-
straints on both control and controlled variables. This can be very effective
in real-world control strategies were actuators limitations, such as maximum
torque, or maximum speed of motors cannot be neglected.

The MPC controller has been implemented in software simulation using
Matlab/Simulink™. Exhaustive simulations have been made to prove the ac-
curacy, the effectiveness and the robustness of this control approach. An FPGA
implementation of this MPC controller is now being studied, following the re-
sults proposed by Ling in [97]. The control system proposed in this paper will
be employed to control both the position and the vibration in a four-link flex-
ible mechanism laying on the horizontal plane. The crank is actuated by a
torque-controlled electric motor, while the vibration phenomena are measured
in the mid-span of the follower link. This work follows a previous work, [103],
in which the same authors have experimentally tested the effectiveness of this
kind of control system for controlling the position and the vibration in a single-
link flexible mechanism. The robustness of the controller with respect to the
modeling uncertainties is proven by exhaustive simulations, while the effects of
choosing different tuning parameters are also shown investigated. Numerical
results of a comparison between the proposed MPC controller and a classical

PID controller are presented as well.

6.2 Reference mechanism

The mechanism chosen as the basis of the simulations is a four-link mechanism,
made by three steel rods, see fig. 6.2. The fourth link of the mechanism is the
ground link. The section of the rods is square, and their side is 6 mm wide. These
three rods are connected in a closed-loop planar chain employing four revolute
joints. The first and the third link (counting anticlockwise) are connected to the
chassis, which can be considered to be perfectly rigid. The rotational motion
of the first link, which is the shortest one, can be imposed through a torque-
controlled actuator. The whole chain can swing along the horizontal plane, so

the effects of gravity on both the rigid and elastic motion of the mechanism can
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be neglected. The length of the links and the other geometrical dimensions of

the mechanism has been chosen to replicate the actual mechanism prototype.

follower

strain
gauge

/@)

Figure 6.1: The four-link mechanism used for simulations

Y X e
»
X

The crank, whose length is L1 = 0.3728m, has been modeled, like the cou-
pler, with a single finite-element (Fig. 6.2). For the follower, two finite elements
have been used, since it is the longest one. Increasing the number of finite
elements would certainly improve the overall accuracy of the model, but also
includes some drawbacks, in particular it increases the computational effort re-
quired for the simulation. Each link described with 1 finite-element has 6 elastic
degrees of freedom, whereas the one described by 2 finite-element has 9 degrees
of freedom. After putting together the 3 links on the frame, considering the
constraints fixed by the kinematic couplings and neglecting one of the nodal
displacements in order to make the system solvable (see [1]), the resulting flex-
ible system is described by 12 nodal elastic displacements and one rigid degree

of freedom.

Table 6.1: Kinematic and dynamic characteristics of reference mechanism

symbol  value

Young’s modulus E 210 x 10° [Pa]
Flexural inertia moment J 11.102 x 10710 [m4]
Beams width a 6 x 1073 [m]
Beams thickness b 6 x 1073 [m]
Mass/unit of length of links m 272 x 1072 [Kg/m]
Crank length Ly 0.3728 [m]
Coupler length Lo 0.525 [m)]
Follower length Ls 0.632 [m)]
Ground length Ly 0.3595 [m]
Rayleigh damping constants « 8.72 x 1072 [s7Y]

3 2.1 x 1077 [s]
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Figure 6.2: Elastic displacements in the four-link mechanism

6.3 Linear state-space dynamic model

The dynamic model presented in chapter 2 is strongly nonlinear, due to the
quadratic relation between the nodal accelerations and the velocities of the
free coordinates. Thus it cannot be used as a prediction model for a linear
MPC controller. In order to develop a state-space form linearized version of the
aforementioned dynamic system a linearization procedure has been developed
by Gasparetto in [166]. 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:

yv(t) = Hyinx(t) + Dyinv(t) (6.1)

where x(t) is the state vector, y(t) is the output vector, v(t) represents the

{ X(t) = F1inx(t) + Grinv(t)

input vector and Fy;,,, Gyin, Hyi, and Dy, are time-invariant matrices. Taking
x = [1,q,u,q]” as the state vector, linearized state-space form of the dynamic

model in (6) can be written as:
Alink = Blin X+ ClinT (62)

Now a steady equilibrium configuration x. where u = u, under the system
input v = v, can be chosen. In the neighborhood of this point holds:

{ x(t) = xe + Ax(t)

V() = vo + Av(?) (6.3)
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Bringing this relations into (2.80) the following relationship turns out:
Apin (%) A% = Biin (xe + AX)(Xe + AX) 4 Cpin(Xe + AX)(ve + Ax)  (6.4)

After some steps that can be found in major detail in [166], Ay, and By,

matrices in (6.2) can be written as:

M MS 0 O
s™™ Ss™S o0 o
0 0 01
Mg —-aM-BK 0 -K 0
| sT(-2Mg-aM~-BK) 0 0 0
0 I 0 O

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 Ay, B, and Cpip:

Ax = Fi, Ax + G, Av
{ y= Hynx + Dy v (67)
where:
Flin = Alin_lslin (6 8)

—1
Glin = Alin Clin

6.3.1 Accuracy of the linearized model

In order to estimate the accuracy of the linearized model, a simple comparison
between the impulsive responses for linear and nonlinear models will be set. A
more detailed investigation on the accuracy of the linear model can be found on
the previous work by Caracciolo et al. [86]. The mechanism will be fed with a
5 Nm torque impulse applied to the crank. The initial configuration has been
arbitrarily chosen as go = 0 (but the effectiveness of the linearization model
holds for any configuration of choice). Here a comparison of the two nodal
displacements us and wuqg is set, but the results extend also to all the other
nodal displacements belonging to the model.

As it can be seen from Figure 6.3 the linearized model shows a very high
level of accuracy as far as the rigid rotation ¢ is concerned. Figure 6.3.b shows
that the error increases as the mechanism moves from the linearization config-

uration, nevertheless it remains very low. After two seconds of simulation the
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Figure 6.3: Crank angular position ¢. (a) Comparison of the nonlinear and
linearized system impulsive responses. (b) Error in per cent vs. time. (c¢) Error
in per cent vs. angular motion from the ”equilibrium” configuration

error between the linear and nonlinear dynamic responses is still lower than
0.1%. Notice that the error reaches the threshold of 0.1% when the crank an-
gular position has moved more or less 40 degrees from the original position
(Figure 6.3.c). The response of the two models show more discrepancies if the
nodal elastic displacements u; are considered. In this situation the kinematic
and dynamic nonlinearities affect more heavily the differences between the two

responses.

Figure 6.4 shows the comparison of the nonlinear and linearized system
impulsive responses in terms of the nodal displacement us. As it can be seen
from Figure 6.4.a the differences are negligible during the transient. Nevertheless
they increase as the mechanism moves from the ”equilibrium” configuration
(Figures 6.4.b and 6.4.d) . In particular the differences on uz between the
linearized and the nonlinear models are less than the £20 per cent as long as

the motion from the original position is kept less than 80 degrees (Figure 6.4.c).

A similar behavior can be observed for the all the other displacements. In
particular Figure 6.5 shows a comparison on the nodal displacement u;o. Here
the differences between the linearized and the nonlinear models are less than
the £20 per cent as long as the motion from the original position is kept less
than 40 degrees (Figure 6.5.c). This deterioration may be due to the nonlinear
effects on the sensitivity matrix S(¢). From the graph in Figure 6.4.b it can be
seen that the absolute linearization error converges to a zero value: it should be
stated that this error does not affect the closed-loop control system when it is

less than the minimum value that can be measured the acquisition system.
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Figure 6.4: Comparison of the nonlinear and linearized system impulsive re-
sponses for the nodal displacement us. (a) Transient responses. (b) Steady
state responses. (c) Error in per cent vs. time. (d) Error in per cent vs.
angular motion from the ”equilibrium” configuration.
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Figure 6.5: Nodal displacement wuo. (a) Comparison of the nonlinear and lin-
earized system impulsive responses. (b) Absolute error vs. time. (c¢) Error in
per cent vs. angular motion from the ”equilibrium” configuration.

6.3.2 State observer

The MPC controller that will be presented and discussed in next sections re-

quires for the whole state vector x to be available at each sampling time. Nev-
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ertheless in practical applications it is impossible to measure all the 12 nodal
displacements (and their time derivatives) belonging to the state vector. Hence
the need of the state observer to obtain an estimate of the full state vector from
a subset of it. Here a standard 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) trough:

{ x(k + 1[k) }

Ax(k|k) + Byu(k) (6.9)
% (k + 1]) [ ]

A (K[k)

Ym(k) = Crx(k|k — 1)

The gain matrix M is designed using Kalman filtering techniques, see [127].
Figures 6.6-6.9 demonstrate the effectiveness of the proposed observer, by com-
parison of the impulsive responses of the nonlinear system and the observer. An
error on the observer initial state has been assumed, in this way the nonlinear
system and the observer started from different initial conditions. In particular
each component on the observer initial state vector was different from that of
the nonlinear system both in magnitude and in phase: the observer initial con-
dition has been overestimated of 30 per cent, and the sign was changed too.
It can be seen that the observer is able both to reduce in few milliseconds the
initial error and to keep it below the 10 per cent. Therefore the observer can
reproduce with a minimal error the full state vector of the system from the

knowledge of u319 and q.

6.3.3 Results of the Model Predictive Controller

In this section the effectiveness of the developed MPC controlled is tested in a
simulation environment. This controller acts as a MISO (Multiple-Input, Single-
Output) system: the MPC relies on the knowledge of the instantaneous values
of the displacements u19 and crank angular position ¢. uig and g are the two
controlled variables, while the torque applied to the crank acts as the control

variable. The tuning of the MPC depends on 5 variables:
1. weight on w1p: wig

2. weight on ¢: w,
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Figure 6.6: Displacement ¢. (a) Comparison of the nonlinear system and ob-
server impulsive responses. (b) Error in per cent vs. time
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Figure 6.7: Nodal displacement us. (a) Comparison of the nonlinear system
and observer impulsive responses. (b) Error in per cent vs. time

3. sampling time: T

4. prediction horizon: H,

5. control horizon: H,

Then constraints on both control and controlled variables should to be taken

into account. Here inequalities constraints have been used:

1. wig,,;, < w0 < ug

max
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Figure 6.8: Nodal displacement u1g. (a) Comparison of the nonlinear system
and observer impulsive responses. (b) Error in per cent vs. time
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Figure 6.9: Nodal displacement u12. (a) Comparison of the nonlinear system
and observer impulsive responses. (b) Error in per cent vs. time

2. qmin S q S dmaz

3. Tmin S T S Tmax

The overall behavior of the controller depends on a large set of variables.
While 7,,,;,, and 7,4, depends on actuator peak torque, all the others parameters
can be tuned quite freely. As a simple rule of thumb, the inequalities constraints
should be chosen thinking about the desired performance of the closed-loop
system, but always taking care of not setting them too tight, otherwise the

system may behave unexpectedly.
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Values of T, H,, and H. should, in practical applications, be chosen accord-
ing to the available computational resources. Every choice of Ty requires to
solve the optimization problem 1/T times every second, and the computational
cost of every evaluation is directly proportional to both H, and H..

Referring to [97], Ling proved that a 1.5 million gates FPGA can handle
values of T, around 20 ms without using particular optimization strategies and
high-level FPGA programming (the dynamic system size was 2, Ty = 20ms,
H, = 3, H, = 10). On the other side, Bleris in [93] proved that using more
specialized hardware and optimization techniques allows to set Ty as low as 1
ms (the size of the dynamic system was 4, H. = 3, H, = 10).

The model obtained from linearization (evaluated on the initial configuration
of the mechanism) will be used to develop the MPC linear controller. Then the
MPC will be employed to control the position of the nonlinear mechanism,
keeping as small as possible the deformations during the overall motion. The
tuning of the MPC controller is chosen to be: Ty = 1ms, H, = 55 and H. =5.
By using these values very high performances can be obtained both in terms of
the crank angular position tracking and of the vibrations damping. The final
angular position is reached in a very short time (more or less 100 ms), while the

elastic displacements reaches a negligible level after less than 500 ms.

0.9

—q
- - -reference

0 0.5 1 1.5 2 25 3 o 0.1 0.2 0.3 0.4 0.5
t[s] tis]

(a) (b)

Figure 6.10: Angular position of the crank ¢. (a) Response of the MPC control
(b) Error on ¢

In Figure 6.12 the mechanism is shown at ¢ = 0, in ¢ = 0.120 s and in
t = 1 s, hence respectively before the motion, during the transient, and when

the mechanism is steady at its final configuration. The elastic displacements,
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Figure 6.11: Elastic displacements measured in the local reference frame em-
ploying the MPC control. (a) Elastic displacement ug (b) Elastic displacement
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Figure 6.12: Mechanism configurations: initial, during the motion, final. Elastic
deformation is displayed with a x10 gain

calculated using some interpolation functions, are amplified 10 times in order
to make links deformation more evident. As it can be seen in Figure 6.12, the
largest displacements are the located along the crank, while the vibration along

the follower are kept small by the control action.
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6.3.4 Robustness

In order to verify the robustness of the proposed control scheme, exhaustive
tests have been made. A set of simulations have been made employing the same
control system on different perturbed nonlinear model. The purpose of these
perturbation is to mimic the effects of uncertainties in the model. A great deal
of experimental tests have been made with uncertainties of different sign (i.e.
+20%, -20%) on the parameters that have greater influence on the response of
the nonlinear model, such as the value of the length of the first link Ly, the linear
mass density m of the links, the elastic modulus E. Moreover, further tests have
been made by altering the accuracy of the torque provided by the closed-loop
control system: in this way the torque fed to the motor differs to both the
optimal torque value computed by the MPC controller and the torque used by
the state observer to estimate the actual state of the plant. This approach to
robustness analysis has been used in other works, such as [167], where different
non-nominal plant are employed to show the capabilities of the proposed control
over a classical one by means of software simulation tests.

In Figure 6.13 the effects of altering the linear mass density m of all the
links belonging to the mechanism are tested. As it can be clearly seen, an
underestimation of the linear mass density by the controller does not bring the
closed loop to an unstable behavior: when the actual mass of the links is 30%
more than the nominal case the response of the system gets more damped. The
same variation in the other direction (—30%) of the m parameter does not lead
to instability, as it just increases the overshoot of the angular position tracking.
In the two perturbed cases the influence on the vibration damping is quite
subtle, especially when the transient is over.

The change to the parameter Lq, which represents the length of the first
link, can be harmful to the stability of the closed-loop system, as can be seen in
Figure 6.14. A 30 % overestimation of the parameter L has little or no effects
on the response of the system: in this case the evolution of variables ¢ and uiq
are the same as the nominal plant’s one. In case of a 20 % underestimation of
Ly (here the actual length of the link is 20 % longer than the same link of the
modeled plant) the closed-loop system is no more stable: the evolution of the
values represented in Figure 6.14 resembles the evolution of an unstable plant.

The closed-loop system retains its performance even in presence of a mis-
match between the actual and the estimated elasticity of the links, which is

represented by the means of the elastic modulus E. In Figure 6.15 it can be

137

Tesi di dottorato di Paolo Boscariol discussa presso I'Universita degli Studi di Udine.
Soggetta alle licenze creative commons (http://creativecommons.org/choose/).
Sono comunque fatti salvi i dirittidell’'Universita degli Studi di Udine di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



6.3. LINEAR MODEL CHAPTER 6. MPC RESULTS

x10°

q[rad]

nominal nominal

< Am = ~30% ol am=-30%
—Am = +30% —Am = +30%
‘ ‘ 3 ‘ ‘ ‘
0.5 1 1.5 0 05 1 15

ts] t[s]

(a) (b)

Figure 6.13: Robustness analysis to the change of linear mass density m. (a)
Angular position ¢. (b) Elastic displacement w19 measured in the local reference
frame.
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Figure 6.14: Robustness analysis to the change of length of the first link Ly (a)
Angular position ¢. (b) Elastic displacement 119 measured in the local reference
frame.

seen that altering this value of a &+ 30 % factor does not affect the performance
of the control system: this means that the proposed controller is robust to a
change of the vibration modes of the plant.

In Figure 6.16 the effects of a gain error in the estimation of the applied

torque is tested. As can be seen in Figure 6.16 the performance of the closed-loop

system are almost not affected by a £30 % factor. In case of an overestimation
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Figure 6.15: Robustness analysis to the change of elastic modulus E (a) Angular
position ¢. (b) Elastic displacement u;¢ measured in the local reference frame.

of the applied torque (the actuator provides less torque than the desired one)
the response of the system is slower. When the torque is underestimated by the
observer and by the control system, the closed-loop response has more overshoot

but the plant remains stable.

nominal
- ATorque = -30%
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Figure 6.16: Robustness analysis to the change of applied torque: (a) Angular
position ¢. (b) Elastic displacement u;y measured in the local reference frame.

In Figure 6.17 the results of three tests are displayed in the same graphs:
the nominal plant is first controlled with the nominal torque, then a + 30 %

gain error is introduced, then also an additive white gaussian noise is added to
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Figure 6.17: Robustness analysis to the change of applied torque and noisy
torque: (a) Angular position ¢. (b) Elastic displacement u;g measured in the
local reference frame.

the torque. Again, the MPC controller shows its robust behavior: even when
noise is added the response of the system has just a small degradation of the

performances.

6.4 Effects of H., H, and f. on the closed-loop
system

In this section the effects of choosing different values for the tuning parameters
of the MPC controlled are investigated by the means of simulation tests. In
Figure 6.18 the effectiveness of the controller is evaluated for different values
of the sampling frequency of the control system, in order to test the effects of
using a control system with less computational demands. It can be seen that the
performance of the system are less satisfactory for f.=100 Hz. This performance
reduction might be due to the the lesser efficacy of the system observer at lower
frequency, since this has been tuned for a 1 ms refresh time.

In Figure 6.19 the effects of choosing different control horizon is investigated:
it can be seen that this tuning parameter has a limited effect on the response
of the closed-loop system. In particular reducing the control horizon H, to 5
introduces a small degradation of the performances: the overshoot is slightly
increased and the transient response is a little slower. H,. can be increased up
to the length of the prediction horizon (here H, = 55) but this choice does not
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Figure 6.18: Response of the control system at with different sampling fre-
quency: 1 Khz and 100 Hz(a) Angular position ¢. (b) Angular position ¢: zoom
view (c) Elastic displacement wup measured in the local reference frame (d)
Elastic displacement ug measured in the local reference frame.

improve the performances of the controller. In practical situations H. should
be kept quite small, since a longer control horizon increases the computational
weight of the minimization problem solved by the MPC controller.

Changing the length of the prediction horizon H), has little or no effects on
the performance of the controller when dealing with a nominal plant, since it
affects mainly the robustness of the closed-loop system. Here some results on
a perturbed plant are presented, just to show that a longer prediction horizon
can be used to increase the robustness of the controller. In Figure 6.20 the
results of a set of experimental test are presented: the original control system
(with H,=55 and H.=15) is employed to control a plant with some parametric
mismatches: in the model used for prediction there is a 10 % overestimation of
the length of the first link Ly, a 30 % overestimation of the linear mass density of
the links m and of the Young’s modulus F, while the torque actually applied to
the plant is 30 % more than the desired one. It can be seen that this perturbed
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Figure 6.19: Analysis of the effects of different control horizon H.: (a) Angular
position ¢. (b) Elastic displacement u;¢ measured in the local reference frame.

plant is no more stable when the prediction horizon is H,=55. By increasing
this value (in Figure 6.20 the results are presented for H,=155 and H.=255)
stability and good performance can be obtained. It should also be noticed that
increasing the prediction horizon has less effects on the increasing of the overall
computational weight required by the MPC controller than the increasing of the

control horizon H..

1.4r gx 10 ;
H =55 H_ =55
P p
12k - Hp = 155 - Hp = 155
—_H =255 —H =255
P P
s
E
>
2
‘ 6 ‘ ‘ ;
1.5 2 0 0.5 1 15 2
t[s]

0.5

:
t[s]
(a) (b)
Figure 6.20: Analysis of the effects of different prediction horizon H, on a
perturbed version of the plant: (a) Angular position ¢. (b) Elastic displacement

u19 measured in the local reference frame.
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6.4.1 Position Control (PID): simulation results

Here a PID control is implemented and tested: the simulation results are used
to compare the proposed MPC controller with a traditional and commonly used
control technique. The target of the tuning of the PID is to move the mechanism
at the same speed that can be obtained with the MPC controller. This is because
the maximum amplitude of the vibration phenomena are directly proportional

to the moving speed of the mechanism.

-3

147 4x10

uyolml

Figure 6.21: Comparison of the response of the system with PID and MPC
control. (a) Angular position ¢. (b) Elastic displacement wu1q.

As it can be seen in Figure 6.21 PID control has a very subtle effects on vi-
bration damping in a four-link mechanism. Looking at Fig. 6.21 it can be seen
that PID allows the mechanism to follow with high speed and no permanent er-
ror the reference trajectory, but a noticeable overshoot (& 35 %) is still present.
This overshoot phenomenon can be eliminated, but at the cost of reducing the
rise time of the system, namely decreasing the overall speed of the mechanism.
A comparison of the effective time required to keep the vibration under certain
tresholds are presented in Table 6.2, but it also can be clearly seen from 6.21.b

that the MPC controller has a superior vibration reduction capability.

Comparison of effective vibration damping

Here a comparison of the damping effects obtained with the PID control, the
MPC controller with f. = 1kHz and the MPC controller with f. = 100H z is

presented. Considering the time required to keep transverse displacement inside
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Table 6.2: Comparison of vibration damping times and % overshoot

Controller | [Auig| < Imm  |Auig| < 0.lmm  |Aujg| < 0.02mm  overshoot %
PID 244 ms 1860 ms 3215 ms 34.74
MPC @ 1 kHz 119 ms 294 ms 480 ms 2.54
MPC @ 100 Hz 140 ms 1530 ms 2645 ms 0.7

a £1 mm, both MPC behave considerably better than the PID: this requires
a 244 ms to respect this limit, while the two MPC need only 119 ms and 140.
Then, PID takes 1.86 s to reduce vibration below 0.1 mm and 2.65 s to get
under 0.02 mm, while the ”slow” MPC requires respectively 1.53 s and 2.645 s.
The best performances can be obtained with the MPC operating at 1 kHz: 294
ms after the reference step uig is kept below 0.1 mm and after a mere 480 ms
below 0.02 mm. PID has 34.74 % overshoot, which can be unaxceptable in some
practical situations. The ”fast” MPC has a mere 2.54 % overshoot, meanwhile
the slower MPC has even less overshoot (0.7 %), but it should be pointed out
that the slow MPC controller has also a slightly slower rise time than the MPC
operating at 1 kHz.

Conclusion

A high accuracy FEM-based dynamical model of a four-bar flexible link mech-
anism has been presented in this section. This model has been employed in
software simulation environment to investigate the effectiveness of MPC control
strategy for vibration damping in flexible closed-loop planar mechanisms. In
order to implement the control system, a linearized model of the dynamic sys-
tem has been developed. This linearized state-space model is capable of a high
precision approximation of mechanism dynamic behavior, on both position and
vibration dynamics. A constrained Model Predictive Control (MPC) system has
been employed to control both the angular position and the vibrations of the
mechanism. The optimal performance have been tested on the nominal plant,
meanwhile a robustness analysis has been conducted by the means of exhaustive
tests conducted on different perturbed plants. The performances of this control
systems have been then compared to the ones that can be obtained trough a
standard PID control. MPC control has proved to be very effective both for
reference position tracking and vibration suppression, and has exposed a good
level of robustness to uncertainties on the plant and to mismatches between the

actual and the measured control variable.
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6.5 Trajectory tracking and vibration suppres-
sion in a 5-link mechanism

In this section the system under investigation is a 5-bar linkage controlled with
an MPC controller. The aim of this study is to make the mechanism move the
end-effector of the mechanism along a predefined trajectory. In particular, ex-
tensive simulation results are presented to show precisely how the main tuning
parameters of the MPC controller (H, and H,) influence the trajectory tracking
of the closed-loop system. Also a reference lookahead strategy is implemented,
and the advantages brought by this choice are shown trough simulations. Track-

ing in the joint space is investigated as well.

6.5.1 Reference mechanism

The mechanism under consideration is the two dofs manipulator shown in Figure
6.22, carried out at the Mechatronics Laboratory. It is made up of four steel rods
connected in a closed-loop chain by using five revolute joints. The motion of the
cranks (namely the first and the fourth link counting anti-clockwise) is governed
by two torque-controlled actuators. The ground link can be considered to be
perfectly rigid without affecting the accuracy of the model. The mechanical
characteristics of the mechanism are shown in Table 6.1. As it can be seen,
the links are very thin (their square section is just 6 mm wide) so the whole

mechanism is quite prone to vibration.

Figure 6.22: Five-link manipulator (Mechatronics Lab, University of Udine)
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Figure 6.23: Elastic displacements and angular position in the five-link mecha-
nism

The second and the third link have been modeled with two beam elements,
since they are the longest. Increasing the number of finite elements in each
link will certainly improve the overall accuracy of the model, however this also
increases the computational effort required to execute the simulations. Each
link that has been modeled with a single-beam element has 6 elastic degrees of
freedom, whereas the 2 finite-element link has 9 degrees of freedom. The overall
FEM model is described by 24 nodal displacements, as it can be seen in Figure
6.23. However, in order to make solvable the dynamic system in eq. (2.80), nodal
Therefore, the

overall motion of the mechanism is described by 18 nodal elastic displacements

displacements from ujg to us4 must be forced to zero, see [1].
,u18)T) and two rigid degrees of freedom (q = [q1, g2]7).

(ll = [ul,ug, .

Table 6.3: Kinematic an dynamic characteristics of the flexible link mechanism

symbol  value
Young’s modulus E 200 x 10° [Pa]
Flexural inertia moment J 1.08 x 10710 [m4]
Beams width a 6 x 1072 [m]
Beams thickness b 6 x 1073 [m]
Mass/unit of length of links m 0.282 [kg/m]
Length of first link Ly 0.3 [m]
Length of second link Lo 0.6 [m]
Length of third link Ls 0.6 [m]
Length of fourth link Ly 0.3 [m]
Ground length Ls 0.3 [m]
Rayleigh damping constants  « 8.72 x 1072 [s71]
B 2.1 x 1072 [s]
146

Tesi di dottorato di Paolo Boscariol discussa presso I'Universita degli Studi di Udine.
Soggetta alle licenze creative commons (http://creativecommons.org/choose/).

Sono comunque fatti salvi i dirittidell’'Universita degli Studi di Udine di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



6.5. TRAJECTORY TRACKING AND VIBRATION SUPPRESSION IN A
CHAPTER 6. MPC RESULTS 5-LINK MECHANISM

6.5.2 Linearized model

The dynamic model in eq. (2.80) is nonlinear, since matrix S contains the
values of the velocities ¢ of the free coordinates (i.e. S = S(q,q)), which
yield a quadratic term ¢ in the velocities of the free coordinates, see [166].
As such, it cannot be used as a prediction model for linear MPC controllers.
In order to obtain a linear version of the dynamic system, the linearization
procedure developed by Gasparetto in [166] has been followed. From the basics
of system theory, a linear time-invariant model expressed in state-space form

can be written as:

{ X(t) = Frinx(t) + Ginw(t) (6.10)

y(t) = Hynx(1)
where x(t) is the state vector, y(¢) is the output vector, w(t) represents the
input vector and Fy;,, Gy, and Hy;,, are time-invariant matrices. The input
w(t) for the system is a vector that includes the torques applied to the first
and the fourth link: w(t) = [r1,72]7, being 71 and 7 the torques provided by
the actuators. The state vector is x(t) = [t1, ..., 18, 41, G2, U1, - - - , U1s, G1, 2] -
The output vector is y(t) = [u1,u1s,q1,q2)T, since this is the subset of the
state that is available to the control system as measured variables. In practical
applications, u; and uig are measured by means of strain gauges, while ¢; and
@2 can be measured by using rotary encoders.

Equation (2.80) can be written in the following form:

A(q,q,1)%(t) = B(q, q,1)x(t) + C(q, q, t)w(t) (6.11)

to point out that the matrices involved in eq. (6.11) are time-variant and they
depend also on q and ¢, i.e. the position and the velocity of the degrees of
freedom. Matrices A(q,q,t), B(q,q,t) and C(q,q,t) can be linearized around
an equilibrium point x., yielding from eq. (6.12) to eq (6.13):

.Alm).((t) = Blmx(t> + ClmW(t) (6.12)

After some steps that can be found in detail in [166], Ay, and By, in Eq.

(6.12) can be written as:

M MS 0 O
sT™™ s™S o0 o
Ajin = 0 0 I o (6.13)
0 0 oI
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Mg —aM—BK 0 —-K 0
| sT(—2Mg-aM-BK) 0 0 0
Blin = I 0 0 0 (6.14)
0 I 0 0]
I
ST
Ciin = 0 (6.15)
0 X=X
So equation (2) can be rewritten in terms of Ay, By, and Cyy, as:
{ X(t) = Aj Biinx(t) + A Clinw(t) (6.16)
y(t) = Hinx(t) .

State observer

The algorithm used by the MPC requires the whole state vector x be available
at every iteration of the controller. Since in practical situations it is impossible
to measure all the 18 nodal displacements that belong to the state vector, a
state observer must be used. As already done to produce the results presented
in the previous section, a Kalman asymptotic estimator has been used. 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) through:
[ fifm) ] = [ fnf'ﬁ;'!fk__lf) } + M(y(k) — y(k))

{ x(k + 1]k) } B [ Fx(k|k) + Fy,w(k) } (6.17)
K(k+1lk) |~ Fx,, (k|k)

(k) = Hx(k|k — 1)

M, Fy, F have been designed using Kalman filtering techniques. In this
way, the state observer can give an accurate estimation of the full state x from
the knowledge of uq, u1s, g1 and g2. This observer presents a very high level of
accuracy: some results that prove its performances are shown in Figures (6.25
- 6.27). The results shown in this graph have been derived by stimulating the
nonlinear plant with the impulsive torques, as shown in Figure 6.24. These
graphs compare the actual nodal displacement and angular positions with their

estimated values.
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Figure 6.24: Torques applied to derive plots in Figures 6.25, 6.26, 6.27
Here the results are shown only for two rigid rotations and one nodal dis-

placement, but the likeness holds also for all the other nodal displacements

belonging to the state vector.
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Figure 6.25: (a) Comparison of actual and estimated angular position, estima-
tion error for ¢; (b) absolute error on ¢

6.5.3 MPC control: numerical results of trajectory track-
ing in the joints space

In this section the effectiveness of the proposed control strategy for simultane-
ous path following and vibration reduction will be demonstrated and discussed,
by showing the results of several simulations obtained in MATLAB/Simulink

environment. The effectiveness of the MPC controller as a regulator has already
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Figure 6.26: (a) Comparison of actual and estimated angular position, estima-
tion error for ¢o (b) absolute error on go
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Figure 6.27: (a) Comparison of actual and estimated nodal displacement, esti-
mation error for ug (b) absolute error on ug

been proven in [103], [105], but here the focus moves from regulation problem to
tracking problem. Moreover, it should be pointed out that the problem of posi-
tion control in a multi dofs system is non-trivial, since a lack of synchronization
between the motion of the axis leads to severe worsening to the accuracy. For
this reason, a reference lookahead strategy has been included in the predictive
control, and the effective improvement is shown. Effects of different choices for
some of the tuning parameters of the controller, namely the two horizons H,
and H,., are investigated in terms of accuracy of reference tracking and vibration
damping by the means of extensive sets of simulations.

To test the capabilities of the MPC controller for both position control and
vibration damping, some tests have been conducted feeding the controller with

two reference signals for ¢; and g2, as they can be seen in Figure 6.30. In
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Figure 6.28: Structure of the MPC controller
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Figure 6.29: Closed-loop system

these tests, the mechanism performs two high-speed rotation of the first and
the fourth link: ¢; rotates of 45 degrees, while go rotates of 30, degrees in 500
ms. As it can be seen in Figure 6.30, the closed-loop system exhibits optimal
performances: the reference tracking is very good and has almost no delay.
The torques provided by the two actuators are displayed in Figure 6.31. In
Figure 6.30, it can be seen that the closed-loop system damps very efficiently
the vibration that arises in the mechanism when the two angular position ¢

and g9 have discontinuous velocities and accelerations.

6.5.4 Effects of the reference lookahead and control tuning

The promptness in reference tracking exhibited in Figure 6.30 is heavily influ-
enced by the reference lookahead system used by the MPC controller. As already

stated in Eq. (18), the optimal control sequence is calculated ad every iteration
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Figure 6.30: Closed-loop performances: (a) evolution of angular positions ¢; and
g2 (b) angular displacements u; and uyg for reference tracking in the operational
space

in order to minimize (also) the quadratic norm ||Z(k) — T(K)||®, which is the
quadratic norm of the tracking error, i.e. of £(k) = Z(k)— T (K), in which Z(k)
and T (k) are the evolution of controlled outputs and the reference from actual
time k to k + H,.

When reference look-ahead is not implemented, the future reference values
are estimated simply by: r(k +i) = r(k) Vi € [1, H, — 1], so T (k) = r(k), which
is the exact prediction only for constant or step-changing reference signals. The
enhancing in terms of reference tracking obtainable with reference lookahead can
be seen in Figure 6.32: the same test presented in Figure 6.30 is here compared
with the results obtained without reference lookahead. It can be seen that the
adoption of a lookahead strategy reduces the delay of the response. This effects
is even more evident when the change rate of the reference trajectory and the
prediction horizon are increased.

The tuning of the MPC controller is also influenced by the values of the
weights used in the minimization problem (see eq. 17) as the diagonal entries

of matrices Q and R. These weights are:

e w,, and w,,: weights on the two torques applied to the first and the third

link, respectively

e ws;, and wsr,: weights on the change rate of the two torques applied to
the first and the third link, respectively

® Wy, , Wy,,: Weights on the two controlled nodal displacements u; and s,
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Figure 6.31: Closed-loop performances: torques 73 and 7o applied by the two
actuators

respectively
® w,, , wy,: weights on the angular positions ¢; and gs, respectively

Then, the behavior of the controller depends also on the length of the two
horizons: the prediction horizon H, and the control horizon H.. For all the
tests conducted, the sampling frequency is Ts = 1 ms. The tuning for the test
shown in Figures 6.30,6.31,6.32 is: w,, = w;, = Wsr, = W5y, = 0.1; w,, = 3000,
Wy, = 2000, wg, = 4000, wy, = 7000, H, = 10, H. = 5.

Influence of the control horizon H. on closed-loop performance

In oder to show how the choice of the control horizon and the prediction hori-
zon affects the closed-loop response, extensive sets of simulations have been
conducted. A few results are displayed in Figures 6.33 and 6.34, in which the
effects of altering only the length of the control horizon are reported. From
Figure 6.33 it can be seen that altering the control horizon has a limited effect
on the reference tracking of the two angular positions ¢; and go: with lower
values of H. the angular movement appears to be slightly less accurate. The
parameter H. influences mainly the readiness of the system in terms of vibration
reduction: as can be inferred from Figure 6.34 the choice of higher values of the
control horizon lead to higher vibration peak but with a more fast damping.
This effect can be thought as a higher gain of the controller. Results are shown

with H. up to 5, since further increase does lead to little or no improvements.
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Figure 6.32: Comparison of reference tracking with and without reference looka-
head (a),(b) angular position ¢; (c),(d) angular position ¢a
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Figure 6.33: Effects of different values of the control horizon H. (H, = 10): (a)
angular position ¢; of the first link (b) angular position ¢y of the fourth link
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Figure 6.34: Effects of different values of the control horizon H. (H, = 10): (a)

angular displacement u; along the first link (b) angular displacement u,s along
the fourth link
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Influence of the prediction horizon H, on closed-loop performance

In Figures 6.35 and 6.36 the effects of altering the prediction horizon H, are
shown. From those graphs it can be inferred that H, influences mainly the
damping performances of the closed-loop system. From Figure 6.35, that vibra-
tion of u; and u;g require more time to be damped when choosing shorter H,.
At the same time, the reference tracking of ¢; and go is more accurate when
H, is higher. Here the results are shown with H, up to 20, since it has been

proven that the performance enhancing is very slight when going beyond this

threshold.
0.01f 0.02;
p
H, =10
0.005} 0.01} =20
T i3
Z 0 =,
=i 1 =
,E Hp=5 S
-0.005 H =10 _
p B
_Hp=20
0.0, 0.5 1 90 05 1

t[s] t[s]

(a) (b)

Figure 6.35: Effects of different values of the prediction horizon H,, (H. = 10):
(a) angular displacement u; (b) angular displacement ug
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H =
p
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Figure 6.36: Effects of different values of the prediction horizon H,, (H. = 10):
(a) angular position ¢ of the first link (b) angular position ¢s of the fourth link
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The previous observations can be summarized by the graphs in Figure 6.37,
which report the results of several simulations obtained by changing the values
of the prediction and control horizons. A large number of tests have been
conducted by performing the same tests whose results are displayed in Figures
10 and 11, but here the prediction horizon ranges from 3 to 20, and the control
horizon ranges from 1 to H,, since it makes no sense to set H, > H.. All
the values of the other parameters of the controller are kept the same as the
previous simulations. For sake of simplicity, two indices have been defined, as

follows:

ki = [[Aq(t)]]e

k2 = [|AQ(t)]|loo  with t€[0.9s,15] (6.18)

being Aq(t) the tracking error, i.e. Aq(t) = |lqp(¢) — q(t)]|, in which
ap(t) = [ip(t),q2p(t)] and q(t) = [q1(t), q2(t)] are the desired and actual
angular positions of the cranks, respectively. The index k; describes the infinity
norm of the quadratic error. Namely, it measures the error (evaluated in the
joint space) between the desired and the actual position of the controlled cranks,
while the index ks, is defined as the infinity norm of the tracking error at the
end of the test. Therefore it is closely related to the steady-state error. As it
can be inferred by comparing the two graphs, the value of H), affects in different
ways the mentioned indices.

In Figure 6.37a it can be seen that the maximum path error can be minimized
by choosing H), = 14 and H, > 4 . It can also be noticed that the maximum
tracking error is highly sensitive to the prediction horizon, as long as the ratio
between H. and H,, is sufficiently high. In Figure 6.37b the value of performance
index ks is plotted versus H, and H.: it can be seen that, in order to reduce
the steady-state error, H, should be chosen to be around 7. Again, H, has less
influence than Hy, on the performances of the closed-loop system when position

accuracy is the main concern.

6.5.5 Evaluation of robustness

Exhaustive numerical tests have been conduced to test the robustness of the
controller to mismatches between the plant and its model used for prediction and
observation. This approach to robustness evaluation has been employed in other
papers, such as [168, 105]. Simulation results show that the MPC controller can
withstand severe plant-model parametric mismatches. In Figures 6.38 and 6.39

the response of the nominal plant is compared to the response of two different
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Figure 6.37: Effects of different values of H, and H.: (a) performance index k;
(b) performance index ks

mismatched plants. In the perturbed plant, some fundamental parameters have
been changed, such as the elastic modulus E and the linear mass density m
of the links. Moreover two uncorrelated noise signals have been added to the
torques. These two noisy disturbance act as severe unmeasured noises, since the
state observer cannot measure them. The three plotted simulation in Figures
(6.38,6.39) refer to: (1) plant with E and m reduced by 20%, uncorrelated
torque noise with PSD = 1 x107%; (2) plant with £ and m increased by 20%,

uncorrelated torque noises with PSD = 1 x10™%; (3) nominal plant.

190; 70,
— E-20%,m-20% ——E-20%,m-20%

180} ---E+20%,m+20% ---E+20%,m+20%
—Nominal 60+ —Nominal

170+

S S

[0} (0]

3. 160} S, 50

~ N

o O

1501

40}

140t

8% 02 o024 06 o8 1 % 02 04 06 08 1
t[s] t[s]

(a) (b)

Figure 6.38: Comparison of the response of the nominal and of two perturbed
plants with added noise: (a) angular position ¢; of the first link (b) angular
position ¢ of the fourth link
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Figure 6.39: Comparison of the response of the nominal and two perturbed
plants with added noise: (a) angular displacement u; (b) angular displacement
u1g

The MPC controller shows a robust behavior: even when noise is added
the response of the system has just a small degradation of the performances,
nevertheless the stability as been preserved. As it is evident in Figure 6.39,
the increased level of vibration are caused solely by the torque disturbances,
since the reference tracking of ¢; and ¢y (see Figure 6.38) has an almost unde-
tectable degradation, and the closed-loop system retains its stability. It should
be pointed out that the magnitudes of both the additive noises and the para-
metric mismatches artificially added to the closed-loop system are far beyond

the unavoidable mismatches that arise in typical experimental tests.

6.5.6 Numerical investigation of end-effector trajectory
tracking

In the previous sections the effectiveness of the proposed control strategy has
been proved for tasks defined in the joint space. Nevertheless, the manipulator
tasks are defined, in general, in the operational space. In such a space the control
requirements become much stricter, since small errors in joint position could
cause large errors in the end-effector position, owing to the kinematic structure
of the manipulator. In this section a suitable test-bench will be carried out
to prove the effectiveness of the proposed control approach for a task defined
in the operational space, as well. The end effector (assumed to be fixed to the
joint C) should move from the position Cy (-100mm, 460mm) toward position C

(400mm, 460mm) following the straight line which passes between the mentioned
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points (Figure 6.40). The movement must be executed in 7 = 1 s and the

vibrations as well as the position errors should be kept as small as possible.

0.61

0.51

0.3r

Y [m]

0.21

-0.11

084 -0.2 0 X0 ?.2 0.4 0.6
m

Figure 6.40: Reference trajectory for the end effector in the operational space

The trajectory in the Cartesian space has been planned by using a 3rd degree
polynomial function, whose coefficients have been set by the constraints on the
final and initial positions and the related velocities (forced to zero). Figure 6.41
shows the resultant joints position, velocity and acceleration, obtained trough
the inverse kinematic algorithm. It can be observed that the desired motion
of each controlled joint is wider than 80 degrees. Therefore, the task looks to
be heavy since the movement has to be completed very quickly (T = 1 s). In
Figure 6.42 four surfaces show the sensibility coefficients w;; end-effector C of
the ERLS as a function of the rigid coordinate’s values ¢; and g2, defined by

the following equation:

. . w11 Wiz G
C=S = . 6.19
c(a)a { wor Wy ](qh%) [ i } (6.19)

The curves in black show the w;; values corresponding to the planned tra-
jectory. It can be seen that for the chosen trajectory the sensibility coefficients

vary rather slowly. This behavior helps the effectiveness of the assumed linear
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Figure 6.41: Actual ¢; and planned ¢;p trajectories: positions (a), velocities(b)
and acceleration (c)

observer, even if the mechanism moves far away from the linearization configu-
ration.

Figure 6.41 proves the efficiency of suggested control approach, by displaying
the real versus planed trajectories, while Figure 6.43 shows the related u; and
u1g nodal displacements and proves the MPC effectiveness in keeping small
the manipulator vibration. It can be shown that both position and velocity
trajectories are followed quite accurately, while some discrepancies appear as
far as the acceleration signals are concerned. Figure 6.44 shows the end-effector
tracking error that the manipulator makes while following the trajectory. It can
be shown that the latter is always less than 0.6 mm for 7' = 1 s. It increases up

to the middle region of the desired trajectory and decreases towards the final
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Figure 6.42: Evolution of sensitivity coefficients for the end effector position
along the planned trajectories: (a) wiy (b) w1z (¢) way (d) was

position. This behavior can be easily explained if the controller behavior, which
tends to slow down any velocity change, so as to reduce the vibration amplitude,
is considered. Therefore, the MPC smooths the trajectories and delays the
trajectory tracking. Its action affects the movements of the rigid coordinates
in two different ways, owing to the complex behavior of the mechanism. As
a result, errors on ¢; and g2 cause an amplified error on current end-effector

position, following eq. 32:

AC = { it ] { A } (6.20)
W2t W22 [0y Ago

The controller effects on vibration minimization become more comprehensi-
ble by looking at Figures 6.44 and 6.45. Figure 6.44 displays the tracking error
when the task is executed in a shorter time. Since, in this case, changes in
velocity and acceleration are greater than in the previous simulation, the MPC

controller delays much more the path following. On the other hand, Figure

162

Tesi di dottorato di Paolo Boscariol discussa presso I'Universita degli Studi di Udine.
Soggetta alle licenze creative commons (http://creativecommons.org/choose/).
Sono comunque fatti salvi i dirittidell’'Universita degli Studi di Udine di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



6.5. TRAJECTORY TRACKING AND VIBRATION SUPPRESSION IN A
CHAPTER 6. MPC RESULTS 5-LINK MECHANISM

x 10

u1,u18[rad]

A 18
0 0.5 1 1.5
t[s]

Figure 6.43: Nodal displacements u; and g

6.45 shows what happens if the MPC weights on the vibration amplitude are
changed. It can be seen that by augmenting the weights on the deformations,
a clear degrading effect occurs on the end-effector accuracy. Therefore, much
attention must be paid in selecting the MPC weights: the behavior of the overall
mechanism strongly depends on their values and a suitable trade-off between
the requirements on trajectory error and vibration reduction must be found.
Figure 6.46 shows the effects of different choiches on the interpolating func-
tion. It is well known that for a compliant mechanism, discontinuities on the
reference trajectory should be limited to derivatives of the highest order and,
in any case, these should be kept as small as possible. Figure 6.47 seems to
contradict this guideline: increasing the interpolating function order (therefore,
reducing the discontinuities to the highest order derivatives) decreases the con-
troller performances. This behavior might be interpreted by considering that
any increment of the interpolating function order increases the maximum val-
ues of the velocities and acceleration increase as well. Therefore, it requires a

heavier controller action which raises the delay on the path following.
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Figure 6.44: Path following errror of the manipulator end-effector C along the
desired trajectory with different task execution times
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Figure 6.45: Effects on the trajectory error of increments on deformation weights
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Figure 6.46: Effects of the interpolating function on the trajectory error
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6.5.7 End effector tracking of a closed trajectory

Simulation results: trajectory tracking
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Figure 6.48: (a) Trajectory in the Cartesian space; (b) Trajectory and position

errors of the joints

In this subsection, the effectiveness of the MPC as a suitable controller for

multi-actuated flexible-link manipulators will be proven and discussed by inves-
tigating the behavior of the 5-R mechanism by a different task, which consists
on tracking the circumference with the center in C. = [0.150m, 0.510m]?" and
radius r. = 0.10m: C : X(0.) = C. + 1. [ cosf, sinf, }T, 0. € [0, 2]

The trajectory has been planned as in [169]. This procedure, indeed, allows

for the computation of the optimal trajectory depending on jerk and execution
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time. Figure 6.48.(a) shows the trajectory in the Cartesian space, while Figure
6.48.(b) shows the trajectories of the related joints. The MPC controller has
been tuned with the following values: H, = 5, H. = 5wy, = Wy, = 2 x 103,

Wy, = wq, =4 x 10%.
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0.5 1 15 2 25 3 3.5 4

[mm/deg]
o
1
1
1
=
[mm]

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
0, [deg] 6, [deg]

(a) (b)

Figure 6.50: (a) Sensibility’s coefficients; (b) Position error

The main simulation results are shown in Figures 3 through 5. In particular,
Figure 6.48.b shows the angular positions of cranks ¢; and g2 and their corre-
sponding errors. It should be pointed out that the joint errors are never more
than 1.2 tenths of degree, which proves the considerable performance of the
controller. At the same time, the elastic displacements u; and uig are shown in
Figure 6.49.a. By comparing Figure 6.49.a with Figure 6.49.b (where the input

torques are shown); it is possible to evaluate the capabilities of such a controller

167

Tesi di dottorato di Paolo Boscariol discussa presso I'Universita degli Studi di Udine.
Soggetta alle licenze creative commons (http://creativecommons.org/choose/).
Sono comunque fatti salvi i dirittidell’'Universita degli Studi di Udine di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



6.5. TRAJECTORY TRACKING AND VIBRATION SUPPRESSION IN A
5-LINK MECHANISM CHAPTER 6. MPC RESULTS

much more clearly. The vibration affecting the nodal displacements is, indeed,
kept very minimal and the main displacements can be attributed largely to the
accelerating torques input; therefore, the MPC controller is able to reduce vibra-
tion as well. As far as the position errors in the Cartesian space are concerned,
the MPC seems to be a little less high-performance (Figure 6.50.b). This can be
imputed to the kinematic structure of the mechanism, as well as to the physio-
logical behavior of the proposed controller. The kinematics of the manipulator,
indeed, amplifies the joint errors as follows: AC = S¢(q)Aq = [w;;] Aq, where
Sc(q) is the sensibility coefficients’ matrix of the end-effector. It should be
noted that this matrix depends on the current manipulator configuration. As
such, the amplification of the joint errors varies as the manipulator changes
configuration. Figure 6.50.a shows the values of the four elements of S¢. By
considering the joint errors of Figure 6.48.b and the coefficients of Figure 6.50.a,
it is possible to infer the error of the end-effector shown in Figure 6.50.b. As
a result, in order to reduce the position error in the Cartesian space, a high-
performance control action must be settled on the joints. This issue is dependent
on the physiological behavior of the controller, which can only handle the end-
effector position through the kinematic structure of the manipulator. Neither
does a position’s feedback exist nor does the MPC controller have an internal
kinematic model of the structure. The kinematic model would enormously com-
plicate the controller and would require a much higher computational effort. A
better solution for MPC control is currently being investigated by the authors.
It will permit forcing the axes to behave in a more synchronized way. Although
the resulting trajectory will be slightly slowed down , the position performance

appears to be very promising.

6.5.8 Conclusions

In this section a predictive control strategy has been proposed as an effective
solution to the problem of simultaneous trajectory tracking and vibration sup-
pression for compliant mechanisms with multiple actuators. The control system
is based on receding horizon strategy, reference lookahead and accurate predic-
tion model. The mechanism chosen to validate trough extensive sets of numer-
ical simulations the effectiveness of the controller is a flexible five-link planar
mechanism. Numerical results are provided to investigate the effects of different
choices for the tuning parameters on vibration damping and reference track-

ing in both the joint space and the operational space. The effects of choosing
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different trajectory planning algorithms for point-to-point motion in the opera-
tional space are investigated as well. Moreover an evaluation of the robustness
of the controller to severe parametric mismatches is provided by the means of
exhaustive simulations. It has been proved that the control system is very ef-
fective in both trajectory tracking and vibration suppression even in high-speed
and extensive movement range task, and it is robust to both parametric mis-
matches between the actual and the modeled plant and to unmeasured input

disturbances.
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6.6 Experimental validation of MPC control

This section presents an experimental validation of the Model Predictive Control
scheme (MPC) for active vibration damping in flexible-link robotic manipulators
(FLM). The design of this controller is based on an accurate dynamic model of
the mechanisms, able to take into account the coupled rigid-flexible dynamics
of the system. Experimental results on a single-link manipulator affected by
gravity force show that the proposed controller achieves a good position tracking
performance and an effective vibration suppression. The evaluation of such
a controller is done experimentally by comparing it with classical controllers
with the performance of a Linear Quadratic (LQ) control with integral action.
Experimental results confirm the far better accuracy of the proposed Model

Predictive Control.

6.6.1 Experimental setup

The plant used to evaluate the effectiveness of the proposed 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 mechanism dynamics is heavily affected by the
gravity force. The structural and dynamic characteristics of the flexible rod
can be found in Table 6.4. 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 Figure 6.52. The data
acquisition and the control softwares run over the LabVIEW Real-Time OS.
The dynamic model can be described with a good accuracy it with four finite
elements. This discretization is sufficient to describe accurately the first four
modes of vibration: 23 Hz, 63 Hz, 124 Hz, 206 Hz. Higher order modeds can be

neglected as they have low energy and high damping values.
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Figure 6.51: The flexible-link mechanism used for experimental tests

6.7 State observer

The control strategy explained above can be applied only when a measure of
the whole state x is available. In this application, there are only two measured
values, so a state observer 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:

{ x);fl(ﬂlylclz) ] B { Q‘nfiil’fk‘_li) } + Ly, (k) — 9,,,(k))

i

Y (k) = Crx(klk — 1)

The gain matrix L has been designed by using Kalman filtering techniques

[ x(k + 1]k) } (6.21)

Ko (k + 1]K)
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Table 6.4: Structral and dynamics characteristics of the flexible rod

Symbol  Value

Young’s modulus E 230 x 10° [Pa]
Flexural stiffness EJ 191.67 [Nm?]
Beam width 1 x 1072 [m]

a
Beam thickness b 1 x 1072 [m]
Mass/unit length m 0.7880 [kg/m)]
Flexible Link length 1 1.5 [m]

Strain sensor position s 0.75 [m]

First Rayleigh damping constant «@ 4.5 x 1071 [s71]
Second Rayleigh damping constant 3 4.2 x 107° [s71]

(see [127]).

The design of both the estimator and the prediction model is based on a
linear state-space model of the FLM which has been obtained by applying the
linearization procedure developed in [166] to Eq. (6). The resulting state-space

model can be rewritten as:

{ x(t) = Ax(t) + Ba(t) (6.22)

y(t) = Cx(t)
where A € R?6 x R?6, B € R?6 x R!', C € R? x R? are time-invariant ma-
trices. The state vector x includes all the nodal displacements and the angular

position ¢, as well as their time derivatives:

X(t) = [ul,uQv oo 7U13,(I>U'1,U'2, v a’lllfi,(ﬂT

The output vector of the LTI system consists of two elements: y(t) = [ug, q]7,
being ug the rotational displacement at the midspan of the link. The input
vector z(t) includes the torque applied to the link as single element.

A comparison of measured and estimated values of the link curvature is re-
ported in Figure 6.54. As it can be seen, the value of the elastic displacement
can be evaluated with a good accuracy. It must be pointed out that the state
observer has the availability of only the quadrature encoder signal and the nom-
inal 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 number of sensor make this control

strategy suitable to most robotic manipulators for industrial use, since sensors
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Figure 6.53: MPC control: block diagram

such as accelerometers and strain gauge bridges are usually unavailable on these

systems.

6.8 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”7 in Table 6.5
and in Figures 6.55(a-c), the reference angular position signal is an ideal step
that decreases form +15 [deg] to —15 [deg]. As it can be seen in figure 6.55(a)

the 30-degrees movement is performed in 2 seconds, with a very small overshoot
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Figure 6.54: State observer; (a) measured and estimated strain gauge signals
(b) estimation error
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and without any steady state error. As it is clear form Figure 6.55(c), the value
of the torque command is kept inside the allowable range of the actuator. The
closed-loop system shows a good damping, since the vibration is kept below the
minimum detectable amplitude within 3 seconds from the transient. Vibration
damping can be improved at the cost of a scarce degradation of the accuracy on
the angular position accuracy. In ”Test 2”7 the weight on the angular position,
Q(1,1), is reduced by 33 %, while the weight on vibration amplitude, Q(2,2) is
increased by 33 %, with respect to ”Test 17. 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 [106]. Moreover, the vibration damping can be enhanced by increasing the
weight on u and reducing the weight on ¢. As it is evident form figure 6.55(d),
the tracking of the angular position is less fast, but the overshoot is reduced.
Vibration damping is slightly improved from Test 1, as it can be seen in figure
6.55(e). 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 en-
coder mounted on the motor shaft, while the strain signal is measured using a

Hottinger Baldwin Messtechnik KWS 3073 strain gauge signal amplifier, as in

Figure 6.52.
Table 6.5: MPC tuning parameters
Qo [deg] qy [deg] H, H. Q(1,1) Q(2,2) R
Test 1 15 -15 400 10 300 3000 1
Test 2 -10 10 500 10 200 4000 1
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Figure 6.55: MPC control: closed-loop response to a step position reference.
Test 1 (a,b,c) and Test 2 (d,e,f)
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CHAPTER 6. MPC RESULTS LQ PERFORMANCE

6.9 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 tests have been conducted by providing the angular position

reference signal with ideal steps of different amplitudes.

»| Kr
+ strain
Tyt N "l K - z | FLM [— >
.[ w 7| mechanism 4 »
be :‘
tat
Kx ¢ state
observer |«

Figure 6.56: LQ control with integral action: block diagram

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 com-
parison 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
6.56. Owing to the space constraints of this paper, just a basic overview of this
controller will be given (for more details see [128]).

In order to add an integral action into the LQ controller, the state-space
model must be augmented. The tracking error can be defined so that its time

derivative obeys to the following differential equation:

w(t) =r(r) —y(t) =r(t) — Cx(t) (6.23)

where r(t) is the desired trajectory that the plant output y(¢) should follow.

In this way, w(t) is the integral of the tracking error. An augmented state vector

X can be defined such as: x = ; } , then the augmented state equation is:
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LQ PERFORMANCE CHAPTER 6. MPC RESULTS
. A !
x(t):[_c 8}X+[O}z+{8} (6.24)
— —— ——"
A B d

while the augmented output equation is:

y=[C 0]x (6.25)

The LQ tracking controller calculates the optimal control sequence z(t)

which minimizes the performance index J defined as:

o0

J = 5/{(y—r)T Q,(y—r) +WTwa+ZTRZ}dt (6.26)
0
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 q. The last one minimizes the system 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) = —-K,x — K,w+K,r (6.27)

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 6.57(a), the LQ control has a poor accuracy
on the position tracking: the overshoot is 1.3 degrees wide 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 6.57(b).

As far as the vibration damping is concerned, the MPC again performs bet-
ter: the elastic displacement is kept below the minimum detectable amplitude
range +70 [mV] after less than 2 seconds from the change in reference, while
the same occurs for the LQ controller after more than 5 seconds. The compar-
ison between the two controllers is limited to a 5-degree-wide step, since the

LQ controller cannot preserve satisfactory performance over this reference step
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Figure 6.57: LQ vs MPC: (a) comparison of angular position tracking (b) com-
parison of strain gauge signal

without a strong slowing down of the closed-loop response of the system. The
strain signal is very noisy. Figure 6.57(b) shows how the strain signal if affected
by a periodic disturbance which occurs every 1.2 seconds. This disturbance is
due mainly to the noise irradiated from the motor power supply and by the mo-
tor driver. It must be pointed out that this large amount of disturbance does
not affect the performance of neither the LQ nor the MPC controller, since the

state estimator used in both cases does not rely on this measurement.

6.10 Conclusion

An MPC controller for the simultaneous position and vibration control of flexible-
link mechanisms has been implemented and tested on a real single-link mecha-
nism. It has been proved that the proposed control strategy can be very effec-
tive, and it outperforms classical control strategies, such as the Linear Quadratic

(LQ) optimal control investigated here, both in terms of tracking of angular po-
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sition tracking and vibration damping.

The state estimator used for all the experimental tests has been shown to
be capable of providing an accurate estimation of the plant dynamics with a
very limited set of sensors. Such an estimator needs the measure of the angular
position only and the torque applied by the brushless motor. For this reason, the
proposed controller can be easily adapted to most of the industrial manipulators,
which usually do not have sensors for measuring the elastic displacement of the

links.
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Conclusion

In this thesis, the subject of control of flexible links robots has been treated
and solutions for some of the problems related to it have been presented and
evaluated. The problem of dynamic modeling and simulation have been ap-
proached using a highly accurate nonlinear dynamic model based on Finite Ele-
ment Model (FEM) and and Equivalent Rigid Link System (ERLS). It has been
verified that such model can produce accurate results even if a small number
of elements is used. Such results are used as the basis for the development of a
Real-Time simulator of flexible-link mechanisms, which constitutes the core of
an Hardware-In-the-Loop testbench for single-link mechanisms affected by grav-
ity. The experimental validation of the proposed HIL simulator is performed by
comparing the response of the real and of the simulated system using the same
real-time controller. The comparison shows a good agreement of results.

The problem of feedback control of flexible-link mechanisms is dealt trough
the use of predictive control technique. In particular, two different strategies
of Model Predictive Control (MPC) are used to simultaneously control the po-
sition and the deflection of fast flexible link mechanisms. Both an constrained
and an unconstrained formulation are investigated. Results are provided for a
single-link mechanisms, for a four bar linkage and a five-bar mechanisms. The
capability MPC to produce a forecast on the plant dynamics can provide, as
shown trough extensive numerical and experimental tests, results which outper-
forms classical control strategies (PID) and model-based control, such as linear
quadratic optimal control.

Moreover, the problem of choosing the most suitable trajectory planning
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algorithm and the best values for the control tuning parameters has been in-
vestigated trough several numerical trials. Such problem has been formulated
as and end-effector tracking system with vibration damping. A five-bar mecha-
nisms has been chosen as the testbench for this application. Results indicated
that generally, higher values of the prediction horizon lead to an improved vibra-
tion damping and to a slower response of the control system. High bandwidth
can be restored by the use of small control horizon, therefore by ’concentrating’
the control action in a limited lapse of time. The choice of the weights for the
cost function on which MPC is based, can be operated as in the linear quadratic
control framework, at least as long as the weighting matrices are kept constant
along the prediction and control horizons.

Also experimental results have been produced to show the superior capabili-
ties of MPC to perform high-speed movements with limited vibration trough the
comparison with traditional control strategies, such as PID and optimal linear
quadratic control.

Future development of this work could include an analysis of the stabil-
ity properties of the proposed control systems. Such task however appears
to be quite complex, given the nonlinear characteristics of flexible-link mecha-
nisms. The development of new predictive control strategies especially tailored
for flexible-link mechanisms is possible as well, and this research could lead to
improve even the very good results shown in this work. The design of the control
systems used for this work has been based on linearized models, but a nonlinear
model can be used as well, therefore leading to a Nonlinear Model Predictive
Control (NMPC) formulation. However, such task is made quite complex by
the difficulty of solving nonlinear optimization control problems with complex
plant dynamics, as in the case of flexible-link mechanisms. In this cases the con-
vergence of the optimization procedure is not guaranteed, given the non convex

nature of the problem, especially if real-time capability is required.
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Appendix: Finite Elements for the analysis of
elastic beams

A.1 Finite Elements for the analysis of elastic
beams

In this section a discretization based on Finite Elements will be applied to elas-
tic beams. The discretized beam will be used as the main building block for
representing both the static and the dynamic behavior of flexible-link mecha-
nisms. Finite Element has been chosen as an effective way to bring into finite
dimension an otherwise infinite-dimension problem, such as the dynamics of an
elastic element. The theoretical results on the theory of elasticity is based on

the Ritz analysis. An excellent reference can be found in the book [170].

A.1.1 The beam element

A beam can be defined as a straight element, delimited by two nodes (placed at
the two ends), at which the beam element exchanges forces with the surround-
ings. The beam element is usually associated with a local reference frame (z,y),
in which z is the longitudinal axis and y is normal to x. The behavior of the

beam element can be thought as the superposition of three basic elements:
e truss element
e beam element

e torsion bar

183

Tesi di dottorato di Paolo Boscariol discussa presso I'Universita degli Studi di Udine.
Soggetta alle licenze creative commons (http://creativecommons.org/choose/).
Sono comunque fatti salvi i dirittidell’'Universita degli Studi di Udine di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



APPENDIX A. APPENDIX: FINITE ELEMENTS FOR THE ANALYSIS
A.1. FEM BEAMS OF ELASTIC BEAMS

The behavior as torsion bar will not be analyzed here, since the dynamic
model that will be introduced in the next section neglects this kind of solic-
itation. Therefore, from here to all the rest of this work, it will be intended
that all the torques acting on the mechanisms will have an axis of application

perpendicular to the plane in which the flexible-link mechanism moves.

Truss element

The behavior of a beam subject to only longitudinal forces can be effectively
described as a truss element element. In particular, our aim is to describe the
elastic displacement of the two endpoint of the beam along the = axis. Let us
consider a single beam, and fix one of its endpoints (the 'left’ one, for example).
If a force with magnitude F' is applied along the positive direction of the x axis
(as in figure A.1.1), the elastic displacement along the element, wu,(x), can be

calculated as:

F

Uy (x) = 4%

in which F' is the static force, A the area of the section of the beam, E the

elastic constant of the material which constitutes the beam.

L -
T - X

}—>u1 }—’ U,
. -

I 1,

Figure A.1: Truss element

More generally, the finite element method is based on the definition of some

specific functions u, (x) in the form:

ug () =Y filw)ai (A1)

Therefore the elastic displacement is represented by a linear combination
of some functions f;(z) weighted by the coefficients «;. The functions f;(x)
are called Ritz functions and the coefficients «; are called Ritz coefficients.

The number of Ritz coefficients and function is always equal to the number of
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APPENDIX A. APPENDIX: FINITE ELEMENTS FOR THE ANALYSIS
OF ELASTIC BEAMS A.1. FEM BEAMS

degrees of freedom off the beam element. Referring to the previous example, the
interpolating function is simply z, weighted by an unitary coefficient. The more
general formulation which includes the forces acting longitudinally on both the

ends of the rod is presented in the following.

Interpolating function for the truss element
Given a longitudinal element whose length is L, a linear solution can be chosen
as:

Uy () = o + (A.2)

The coefficients ag and «q can be calculated in order to impose that the
Ritz solution for the two nodes equals the elastic displacements u; and us at

the two nodes. In this way it will be obtained that:
up = u,(0) = ap
and
us = Uy (L) = g+ an L

The resulting system of equation is:

HRER 49

Rewriting it as:

and using A.3, one obtains:
ug(x) = (1 —x/L)uy + (x/L)usg (A4)

This result represents a Ritz function, which can be used to evaluate the
elastic displacement for a generic point belonging to the a beam, on which
a constant force acts along its longitudinal direction. The two interpolating

functions:

hi(z)=1—xz/L ho(x) =z/L (A.5)

should be used as explained here: hj(x) represents the elastic displacement
inside the beam when wu; is unitary and us equals zero. The elastic displacement

in the symmetric situation (u; = 0 and ug = 0) is measured by ha(z), instead.
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A.1. FEM BEAMS OF ELASTIC BEAMS

FLIEA
U,

Figure A.2: Elastic displacement for a truss element with a fixed end

A.1.2 Stiffness matrix

Let us consider the same beam elements on which the two longitudinal static
forces F; and F5 are acting on both the nodes. The elastic displacement €., =
du, /dx = (—1/L)uy + (1/L)us will be constant, since a linear description has
been chosen for the interpolating function. The virtual displacement is therefore:
duz(x) = (1 —a/L)ouy + (x/L)dus
while the virtual deformation is:
O€py = douy/dx = (—1/L)ou; + (1/L)dus

By applying the virtual works principle to this situation, one obtains:

. dx dx

Introducing the deformation, the virtual deformation and the virtual dis-

placements of the point of application of the force, we obtain, given the choice

of interpolating functions made before:
/[(—1/L)(5u1 + (1/L)ous][(—=1/L)uy + (1/L)uz]| EAdx = Fyduy + Fadus (A.7)
L
Chosing duq # 0 and dus = 0 yields:
/(—1/L)[(—1/L)u1 + (1/L)us] EAdx = Fy
L
Chosing du; = 0 and dug # 0 brings:

J D1/ + (/LwlEAd = £
L
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APPENDIX A. APPENDIX: FINITE ELEMENTS FOR THE ANALYSIS
OF ELASTIC BEAMS A.1. FEM BEAMS

After the evaluation of the integrals in the two equations above, one obtains

the linear system:

—EEA/{/LL _EEAé/LL } [ Z; ] = [ 2 ] (A.8)

The resulting matrix is the stiffness matrix of the element, usually denoted
by the K symbol. It allows to evaluate the displacements of the nodes of the
beam element as a function of the forces acting on the two nodes. In fact,

equation A.8 can be rewritten as:

Ku=F (A.9)

or, inverting K:

u=K'F (A.10)

with u = [u1,us] and F = [Fy, F5]" as the vector of elastic displacements
and external forces, respectively. The evaluation of the displacements for all
the points belonging to the beam requires to use the matrix of interpolating

functions H(x). The equation to use is:

ug(x) = H(z)u (A.11)

with H including the interpolating function defined in A.5:
H(z) = [hi(z), ha(z)] (A.12)

A.1.3 Equivalent nodal loads

Some situations requires to analyze the effects of a generic force whose distribu-
tion is not limited to the two nodes. Since we want to keep the ’compatibility’
to the kind of formulation provided in equation A.9, a vector of equivalent nodal
forces will be used to represent the equivalent effects of distributed loads. In

order to do this, we consider the equation of virtual works:

/ S€ppton EAdL = / St foda + Y Fiwdus, (A.13)
L L i

The work of the distributed force can be calculated using the interpolating

functions. This brings to:
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/6ux(x)fx(x):/5uTHTfI(m)dx (A.14)
L L

The vector P of equivalent nodal loads can be defined as:

= T{E T X .
Pf/LH()fm( ) (A.15)

The use of P allows us to rewrite equation A.13 as:

su'Ku = 6u’P + su’F (A.16)

so the resulting equilibrium of forces is:

Ku=P+F (A.17)

From the equations derived before, it can be seen how a distributed load f,
can be ’transformed’ into an equivalent concentrated vector of loads P, whose
value should be added to the vector of nodal forces F. The equivalence between
P and f, is established in order to conserve the produced work. In the simple
case of a struct-and-tie element subject to a constant solicitation f,(z) = ¢
acting on the whole element along the longitudinal direction, vector P can be

evaluated through the equation:

P:/{l;/:EL/L}cdw:{ZEg} (A.18)

S(x)=c

— — —— —— —— — ——

Figure A.3: Equivalent nodal load for a 2 d.o.f. truss element
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Mass matrix

Here, in order to completely define the truss element, we define its mass ma-
trix. Let’s consider a beam element constituted by an isotropic material whose
volumetric mass density is p. Therefore the mass per unit of length of the beam
element is m = pA, being A the area of its section. Taking the second derivative

of the displacement wu, (x) = H(xz)u one obtains:

ity (z) = H(z)id (A.19)

We can consider the inertial forces —mii,(x) distributed along the beam

element as a function of the nodal accelerations u:

finertia = —mH(x)u (AQO)

and evaluate the corresponding equivalent nodal loads:

Pinertia = — / H” (2)H(x)imdz (A.21)
L
Since Pjperia = —M1, we can obtain a relation that can be used to express
the mass matrix M:
M= / H” (2)H(z)mdz (A.22)
L

which becomes, for the struct and tenon element:

ML/[lg/xL/L}[l—x/L x/L]mdx[nmi% z%g} (A.23)

A.1.4 The beam element

As explained before, an accurate description of elastic beams requires to take
into account also the flexural behavior of the rods. In particular here the aim is
to find a formulation able to describe the effects of moments acting on the beam,
and also of forces not acting along the longitudinal direction of the element.
According to the procedure used before, here we investigate the stiffness
matrix, the mass matrix, the vector of equivalent nodal loads and the interpo-
lation functions. In particular, here we start from the definition of the matrix
of interpolating functions H. Now we are considering a 4 degrees of freedom

(d.o.f.) element, which are: lateral displacements on the two nodes, and angular
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Aul Hz‘

Figure A.4: 4 d.o.f. beam element

displacements at the same nodes. Since there are 4 d.o.f., the deformation of

the beam element can be defined as a third degree polynomial function:

u(z) = ag + a1x + apx?® + aza® (A.24)

Similarly to the procedure adopted for the struct-and-tenon we can express
the relation between the Ritz coefficients and the degrees of freedom of the

beam, yielding to this matrix relation:

1 0 O 0 Qg up
0 1 0 0 ar | | u2
1L 12 13 || as || (A.25)
0 1 2L 3L2 Qs Uy
The inverse relation between the u; and the «; is:
(67)) 1 0 0 0 (75}
[6%] o 0 1 0 0 u9
as | 7| =312 2 312 —1/L | | us (A-26)
Q3 2/L3 1/L2 72/L‘3 1/L2 Uy
Using equation (A.24) together with (A.26):
1 0 0 0 U1
0 1 0 0 Ug

-3/L* —-2/L 3/L* -—1/L us3
2/L% 1/L? —2/L3 1/L? Uy
(A.27)

Therefore the relation between the lateral displacement and the nodal dis-

placement is:
u(z) = hy(z)uy + ha(z)uz + hs(x)us + ha(z)uy (A.28)

with the four interpolating functions:
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h(e) =1~ 3(¢/L) + 2(e/L)*
ho(x) = 2 — 222 /L + 23/ L
hz(x) =3(z/L)*> — 2(z/L)? (A.29)
ha(x) = —2?/L 4 2® /L7

The interpolating functions are plotted in figure A.5. The first interpolating
function allows to evaluate the deformation of the beam element when the lateral
displacement at the left node is unitary and all the other three displacements
equals zero. The same applies symmetrically for ho(x). hs(z) and hy(z) allows
to evaluate the deformation when the tangent of the angle of rotation of the first
and second node is unitary, respectively, and all the other nodal displacements

are equal to zero.

hy00

h, (0

Figure A.5: Interpolating function for the 4 d.o.f. beam element

Stiffness matrix

Again, the stiffness matrix can be evaluated starting from the matrix of inter-
polating function H(x) = [hy(h), he(z), hg(x), ha(x)] and its second derivative
of the longitudinal coordinate z. We indicate such derivative as H”(z). By

defining the vector of the generalized nodal loads:

FT = [f17nl27f37m4]

191

Tesi di dottorato di Paolo Boscariol discussa presso I'Universita degli Studi di Udine.
Soggetta alle licenze creative commons (http://creativecommons.org/choose/).
Sono comunque fatti salvi i dirittidell’'Universita degli Studi di Udine di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



APPENDIX A. APPENDIX: FINITE ELEMENTS FOR THE ANALYSIS
A.1. FEM BEAMS OF ELASTIC BEAMS

we can express the equation of virtual works as:
/ SuTH'"H"wEJdz = ju’ F (A.30)
L
in which, taking each time only one nonzero element of ju”’, one obtains the
equilibrium equation:

/ H'"H'EJdz)u =F
L

therefore the stiffness matrix for the 4 d.o.f. element is:

K= / H'" (2)H" (z)EJdx (A.31)
L
Calculating each element of such matrix yields:

12 6L —12 6L

EJ | 6L 412 —6L 2L?
K=75| 212 —6r 12 —6L (A-32)

6L 2L> —6L 4L?

Equivalent loads vector and mass matrix

The vector of equivalent nodal loads, useful when distributed loads are present,

can be in the general situation calculated from the definition:

= TiL' X )ax .
P—/LH()f( ) (A.33)

which takes different forms according to the particular configuration taken
into consideration. When a transversal distributed load f(x) = ¢ is present,
equation (A.33) takes the form:

e e,
P :/L hz(m) f(x)dx = L2 (A.34)
ha(z) cL?/12

Following the same procedure already used for the struct-and-tenon element,

the following mass matrix M can be evaluated:

156 220, 54 —13L

[ er ~mL | 220 41> 131 —3L2
M= | B @H@mdr =551 50 131 156 221
—13L —3L% —22L 4L2

(A.35)
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A.1.5 Artbitrary Orientation

The matrices M, K and P as expressed in the previous paragraphs can only
describe the behavior of a beam placed with an axis along the x-axis. In order to
take into consideration an arbitrary orientation, both the nodal displacements
and the forces acting on the beam element must be referred to a reference system
external to the beam. Therefore, from here to the end of the entire work, we
will refer to a local reference frame or to a global reference frame. The first is
referred to the single beam taken into consideration, while the latter refers to
an arbitrary reference frame which is external to the flexible element.

Let’s take into consideration a 4 d.o.f. element, as displayed in figure (A.6):

Ao Yy
U
— 11 —l

Figure A.6: D.o.f. in the local reference frame

Let’s consider also two reference systems, the local system L, whose orienta-
tion is fixed to the beam, and a global reference frame G, which forms an angle
~v with L. « is measured in anti-clockwise direction from the axis x¢ to the axis
xr, as it can be seen in figure (A.7). The relation between the force F; and the

displacements wu; in the local reference frame L is expressed trough the stiffness

matrix K :
Krur — 0 0 0 0 u2 o F2
LEL=\ _EA/L 0 EA/L 0 us | | Fs
0 0 0 0 ug |, Fy ],

In order to express the rotation of the vectors of forces and displacement in

the global reference frame G, the following relation can be used:

cosy —sinvy 0 0
B | siny  cosy 0 0
ug = Tarur = 0 0 cosy —siny
0 0 siny  coswy

The rotation matrix Ty, allows to 'move’ from the local to the global refer-

ence frame. Therefore it can be called: ’'local-to-global” rotation matrix. Such
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matrix expresses the rotation of a rigid body around the z axis. More reference
on rotation matrix can be found in the excellent book [171]. The inverse re-
lation is obtained by taking the ’global-to-local’ rotation matrix (Trq) as the

transpose of Tqar:
uy, = TgLuG
with
Tér = Tro

This very same matrix can also be used to 'rotate’ the stiffness matrix, the

vector of external loads and the mass matrix (Kg, Fg and Mg) trough the

relations:
Mg = TarML TS,
Ko =Tao KL Tg, (A.36)
Pe=Tq Py
Y Yo

Uy, Fyp

Uy, Foyp Ui, Fig

Figure A.7: Global and local reference frames

A.1.6 Matrices for the 6 d.o.f. beam

In order to describe the behavior of a 6 d.o.f. beam elements, it is necessary
to merge the description of the struct-and-tenon element and of the 4 d.o.f.
element. As a first step, we enumerate the the 6 d.o.f. in the local reference
frame as in figure (A.8). The longitudinal displacements are take as the first

and fourth element of the displacement vector u, while the lateral displacement
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(measured along the y axis) are taken as the second and the fifth. The angular
d.o.f., i.e. the rotations around the z axis, are taken as the third and sixth

element.

A

u (= -

Figure A.8: 6 d.o.f. beam element: nodal displacements

The principle of superimposition of effect allows to express the stiffness ma-
trix K, just by merging the expressions of K in equations (A.8) and (A.32). The
same applies for the mass matrix evaluated in the local reference frame, My,
whose expression is derived from equations (A.23) and (A.35). The resulting

matrices are:

1/3 0 0 1/6 0 0
0  156/420 22L/420 0  54/420 —13L/420
0  22L0/420 AL2/420 0  13L/420 —3L2%/420

Mp=mL | g 0 0 1/3 0 0
0 54/420  13L/420 0  156/420 —22L/420
0 —13L/420 —3L%420 0 —22L/420 4L%/420
(A.37)
EA/L 0 0 —EA/L 0 0
0 12EJ/L*  6EJ/L? 0 —12EJ/L* 6EJ/L?
Ky — 0 6EJ/L* AEJ/L 0 —6EJ/L*  2EJ/L
E= | —EA/L 0 0 EA/L 0 0
0 —12EJ/L* —6EJ/L? 0 12EJ/L* —6EJ/L?
0 6EJ/L? 2EJ/L 0 —6EJ/L*  4EJ/L
(A.38)

The expression of the stiffness and of the mass matrix in the global reference
frame can be derived, as in equation (A.36), using the local-to-global rotation

matrix:
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cosy —siny 0 0 0 0
siny cosy 0 0 0 0
0 0 1 0 0 0
Tar = 0 0 0 cosy —siny 0 (A.39)
0 0 0 siny cosy O
0 0 0 0 0 1
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Giudizio complessivo del Collegio:

Sulla base dell’attivita del dottorando nel triennio, delle relazioni annuali presentate al collegio,
della valutazione del tutor, che ha presentato anche 1 commenti di esperti esterni, il collegio giudica
positivamente 1’operato del dottorando, e lo ammette all’esame finale per il conseguimento del
titolo.
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