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The mechatronics systems with rigid and flexible drive dynamics are nonlinear and complex processes. This
paper proposes a controller with a novel structure, which is composed of three subsystems: a subsystem that
provides the desired output and from the reference input a feed-forward signal, an observer and a feedback
derived from the estimated states. This structure has the advantage that the response to reference signals can
be decoupled from the response to disturbances. This paper also proposes observers based on predictive
feedback, characterized by fast convergence and small sensitivity of the estimation to parameter variations.
Design approaches for the controller and state observers are offered. The experimental setup considered in this
paper, namely the Model 220 Industrial Plant Emulator (MIPE220), illustrates how the use of several control
structures can be made accessible, easily understandable and increasingly attractive. The proposed design
approaches are tested and validated in terms of conducting real-time experiments in terms of two experimental
scenarios — step and staircase reference inputs — obtained for three specific values of the moment of inertia of

the load disk.

1 INTRODUCTION

Mechatronics systems have experienced a fast and
complex multidisciplinary development as a result of
advances in various fields of applications such as
(Isermann, 2005; Bishop, 2007; Gutiérrez-Carvajal et
al., 2016): expert systems, automotive engineering,
robotics and automation, structural dynamic systems,
machine vision, control systems, servo mechanics,
numerical  computing  systems  based on
microelectronics with a high degree of integration,
consumer products, medical imaging systems, mobile
apps, computer-aided and integrated manufacturing
systems, transportation and vehicular systems, etc.
The development of linear and nonlinear observers
has led over the years to a novel stage of engineering
design. Luenberger was the first to introduce and
solve the problem of designing observers for linear
control systems (Luenberger, 1966). One of the
central problems in control systems literature,
designing observers for nonlinear control systems,
was proposed in (Thau, 1973). In the hypothesis of
linearity of the process model, the basic structure of
the observer is always the same, but its realization
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will depend on the chosen context: continuous or
discreet, deterministic or stochastic. An observer is
very useful for implementing feedback stabilization
or feedback regulation due to the fact that it is
essentially an estimator for the state of the system,
and some representative papers on this subject are
(Brown and Hwang, 1996; Aghannan and Rouchon,
2003). The development of suitable algorithms to
perform the estimation has been the focus of many
researchers’ attention and for this purpose, in order to
estimate state variables from the available
measurements, several techniques have been
developed and introduced (Brown and Hwang, 1996;
Aghannan and Rouchon, 2003; Marx et al., 2007,
Lendek et al., 2008; Spurgeon, 2008; Magnis and
Petit, 2016). In this context, the paper proposes a
controller that can be considered as composed of
three subsystems: a subsystem that provides the
desired output and from the reference value a feed-
forward signal, an observer and a feedback derived
from the estimated states. The interesting structure of
the controller allows it to be applied for a wide range
of design methods. The controller structure and the
forms of the equations are exactly the same for
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systems with one input and one output as well as for
systems with multiple inputs and outputs. The same
controller structure can be obtained by employing
many other design techniques. The defining feature of
a state feedback controller and an observer have is the
complexity of the controlled system that determines
controller’s complexity. As such a system model is
actually contained by the controller. Thereby the
internal model principle that prescribes that an internal
model of the controlled system should be contained in
the controller is in this paper exemplified.

This paper offers the next five contributions over
the literature: 1. development of the dynamic
equations used in the process mathematical models
(MMs) of MIPE220 with rigid and flexible drive
dynamics and the interpretation of these MMs as
benchmark type models, 2. design approaches and
implementation of state observers in three case
studies dedicated to the position control of MIPE220
with rigid and flexible drive dynamics, 3.
development of Matlab/Simulink programs to test the
new control system structures, 4. experimental
validation of proposed techniques, and 5. a
comparative analysis of all design approaches for two
experimental scenarios to highlight how the specified
control system performance is achieved.

The paper discusses the following topics: the
dynamic  equations that  characterize the
electromechanical subsystem with rigid and flexible
drive dynamics are pointed out in Section 2.
Numerical values related to the MIPE220 are also
given in Section 2. The proposed design approaches
for the position control of a mechatronics system are
discussed in Section 3. Section 4 presents
experimental results concerning the implementation
of the developed design approaches and also a
comparative analysis of all control solutions. The
main conclusions are highlighted in Section 5.

2 DYNAMIC EQUATIONS AND
NUMERICAL VALUES FOR
THE ELECTROMECHANICAL
SUBSYSTEM MIPE220

The structure of the mechatronics application that
represents the controlled process (MIPE220) is
presented in Figure 1. The dynamic equations that
describe the mechatronics system in case of rigid (a)
and flexible (b) drive dynamics, considering 6, as the
process output are:
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Figure 1: MIPE220 laboratory equipment.
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where J;; — total inertia reflected to the drive disk, Jp,
Ja, Ji, — pulley, drive disk and load disk inertia, c1, c2
— the drive and load friction, g, g’ — drive gear and
partial gear system ratio, 61, 62, 6, — drive disk, load
disk and idler pulleys positions where 6i1=gé» or
01=g6p.

2.1 Rigid Drive Dynamics

The first principle equations that describe the system
in case of rigid drive dynamics are (ECP, 2010;
Szedlak-Stinean et al., 2016):

X, =Xy,
)
. —(¢ +c X T
% :J _E_j] i‘ng) 272 + .l—)z 22 3)
/.8 g Jd+Jpg +J,8
V=X

The state-space MM (SS-MM) of MIPE220 with
rigid drive dynamics is

% 0 1 X 0
{‘]}: - (¢ +ng72) { Ii|+ 1 Ty,
*2 Jo+1g2+ng L] [T, +7,e7 40 g’

y=[ 0lix, x,]".

“4)

where Tpis the drive torque (Tp=u), x=[x1 x2]7 = [0,
d0,/df]" is the state vector (T indicates matrix
transposition) and y is the output. Considering zero
initial conditions, the application of the Laplace
transform to (la)) leads to the following transfer
function (t.f.):
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Using (4) and (5) the matrices A, B and C related to
the SS-MM and the t.f.s for three significant values of
the moment of inertia of the load disk are given in
Table 1 (ECP, 2010; Szedlak-Stinean et al., 2016).

Table 1: SS-MM matrices and transfer functions
expressions of MIPE220 with rigid drive dynamics.
Process
Inertia Matrices A, B and C ;ransfer
unction
0,(s)/ T, (s)
J, A{o 1 }B:[ 0 }C:[I 0] 7036
1 0 -8.63 7036 s(s+8.63)
J, A=[0 1 }B:[ 0 }C:[l 0] 4362
2 0 -535 4362 s(s+5.35)
J, A:[O 1 }B{ 0 }C:[l 0 2741
5 0 -337 2741 s(s+3.37)

2.2 Flexible Drive Dynamics

The first principle equations that describe the system
in case of flexible drive dynamics are (ECP, 2010):

xl = x2 g
i = _(kgiz))ﬁ i —(q "‘(312g72 )X, +ki71 i Clzg71 ,
"]dr Jdr Jdr Jdr
X, =X, 6)

i = (kg_l )%, + (cng B )%, i (—k)x, n —(e,+a,)x,
J, J, J; J,

>

V=X,

The SS-MM of MIPE220 with flexible drive
dynamics is

) 0 1 0 0 0
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where Tp is the drive torque (Tp=u, u is the input),
x=[x1 x2x3 x4]7=[0; dO,/dt 0,dO,/df]" is the state vector
and y is the output. The following t.f. is attached to
(7):
0,(s) Js+(c, +¢,)s+k
T.(s) ds*+ds +d,s’+ds’

®)

where  di=Jadi,  ds=Ja(crten)ilciter/dd),
dz:Jdrk+.]/k/g2+C1C2+C1C12+C12€2/g2, d1:C1k+Czk/g2.
Using (7) and (8) the matrices A, B and C and the
t.f.s. related to MIPE220 with flexible drive dynamics
for three values of the moment of inertia of the load
disk are given in Table 2 (ECP, 2010; Szedlak-
Stinean et al., 2017).

2.3 MIPE220 Parameters Values

For the development of the proposed design
approaches, the parameter values for the
electromechanical subsystem, as presented in the
manual (ECP, 2010), are shown in Table 3.

Due to the fact that the employed laboratory
equipment does not permit a continuous variation of
the moment of inertia, the suggested control solutions
which will be tested and validated through
experiments are designed for three specific load disk
inertia values, Ji;, i € {1,2,3} (ECP, 2010; Szedlak-
Stinean et al., 2016; Szedlak-Stinean et al., 2017): the
low value J;=0.0065kgm? (load disk without any
weights on it), the middle value J;;=0.01474kgm?>
(load disk has four 0.2 kg weights on it) and the high
value J;3=0.0271kgm? (load disk has four 0.5 kg
weights on it).

3 STATE FEEDBACK AND
OBSERVER-BASED
CONTROLLER DESIGN

In cases where the process states are not accessible for
measurements or are only partially accessible for
measurements and if the process is observable, then it
is possible to estimate its states. For this purpose, state
estimators or state observers are utilized. The
observability test of the linearized SS-MMs (4) and (7)
can be done using the matrix

Q, =[C" C"4 C'A* C'A® C"A*.T. (9

The numerical values specific to the analyzed
mechatronics application given in Tables 1 and 2 are
used in the computation of the rank of Q,.

The starting point in order to specify the relations
that describe the functioning of a state observer, is the
SS-MM corresponding to the process, assumed
known, with the form

Xx=Ax+Bu,

y=Cx. (10)

389



ICINCO 2019 - 16th International Conference on Informatics in Control, Automation and Robotics

Table 2: SS-MM matrices and transfer functions expressions for MIPE220 with flexible drive dynamics.

. . Process transfer function
Inertia Matrices A, B and C 4
0,(5)/ T(s)
0 1 0 0 0
—-1259 -12.068 5036 10.13 13850 2 .
J, Ao , C=[1 0 0 0] 13850(s~ +10.3075 +1300)
! 0 0 0 1 0 s(s® +22.37s% +2677.2s +22078)
325 0.654 —-1300 -10.307 0
[0 1 0 0 0
—1259 -12.068 5036 10.13 13850 2 .
J, Ao B- ,C=[1 0 0 0] : 13850(52 +4.595 +579)
? 0 0 0 1 s(s” +16.65s5" +1893.7s + 9827 .4)
(145 0.3 ~-579 —4.59 |
[0 1 0 0 ) 0
—-1259 —12.068 5036 10.13 13850 13850 (s> +2.47s+312
J, A= B = ,C=[1 0 0 0] 3 (Sz - :
: 0 0 0 1 0 s(s” +14.535° +1599 .45 + 5290 .4)
1779 0157 =312 —2.47] 0

Table 3: MIPE220 parameter values.

Electromechanical subsystem MIPE220 parameter values
Parameters Values Remarks
Jaar 0.00040 [kgm?’]
Jaa 0.0065 [kgm?]
Jbacklash 0.000031 [kgm?]
T 0.0021 [kgm?] 4.0.2 kg at 1,4=0.05 m
Jwar 0.00561 [kgm?] 4-0.5 kg at r,¢=0.05 m
Jwid 0.00824 [kgm?] 4-0.2 kg at ry¢=0.1 m
Tt 0.0206 [kgm?] 4.0.5 kg at 1,4=0.1 m
Joar OF Jpia 0.000008 [kgmz] n,¢=24 or n,=24
Joar OF Jpia 0.000039 [kgm?] n,=36 or n,=36
c 0.004 [Nm/rad/s]
[ 0.05 [Nm/rad/s]
Ci2 0.017 [Nm/rad/s]
k 8.45 [Nm/rad]

The variable that is the target of the control process
is the output. Firstly, all components of the state vector
are assumed as measured. The feedback is constrained
to be linear, so it can be considered as (Astrém and
Murray, 2009)

u=-Kx+K,_r

)

where r is the reference input, K.r is the feed-forward
gain and K is the state feedback gain matrix. The state
feedback gain matrix of MIPE220 with rigid (a) and
flexible (b) drive dynamics are

a) K=[k, k.l

b) K=[k, &k (12)

k kc‘4]'

The pole placement method is applied to compute
K using three sets of imposed poles, each for three
specific load disk inertia values, i.e., Ji;, Jio, Ji3. The
closed-loop system poles and the state feedback gain
matrix parameter values are presented in Table 4. The
closed loop system obtained when the feedback (11)
is applied to the system (10) is given by

c2 c3
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x=(A-BK)x+BK,,r. (13)

The SS-MM corresponding to the state observer
has the same structure as the process (10) and is
completed with a correction relation based on the
output error y = y—y. Consequently, the MM is
rewritten in the form (Astrom and Murray, 2009)
X=Ax+Bu+L(y—Cx)=(A—LOx+Bu+Ly, (4)
7=Cx,

where L is the observer gain. The parameters of the
observer gain for MIPE220 with rigid (a) and flexible
(b) drive dynamics are

a) L=[
b) L :[ll

12]T’

15
Lo (15)

1.
In order to analyze the observer, the state
estimation error is defined as X=x-X.

Differentiating and replacing the expressions of X
and X leads to X = (4—LC)X . The error X will go

to zero if the matrix L is chosen such that the matrix
(A-LC) has eigenvalues / poles with negative real

parts. The appropriate selection of the eigenvalues /
poles determines the convergence rate (Astrom and
Murray, 2009). Taking this into account, the design of
the state observer involves solving a poles placement
problem and also calculating the parameters of the
observer gain. The starting point in designing the state
observer is the expression of the characteristic
polynomial

A, (s)=det(sI-A+LC)

_an n-1
=s"+a, " +..tas+a,.

(16)
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Table 4: Selected poles and state feedback gain matrix parameter values.

Rigid drive dynamics Flexible drive dynamics
State feedback . .
Selected ) . Selected poles State feedback gain matrix
Ji poles gain matrix
p| P |k ke, I P, P ke, k. ks ke
W | 20 | orp | 00313 | 00032 | -1226 | -4849 -28.32+59.33i -28.32-59.33 | 03234 | 00069 | -0.7223 | 0.0247
J,Z 20 7 0.0321 0.005 -8.33 -26.32 -17.52+38.48i -17.52-38.48i 0.0749 0.0038 -0.103 0.0124
Jiy | 20 | 5 | 00365 | 00079 | -495 | -16.46 -17.38+31.37i -17.38-31.37i 0.028 0.003 0.015 | 0.0104
Table 5: Selected poles for the observer and observer gain parameter values.
Rigid drive dynamics Flexible drive dynamics
Observer gain . .
J, Selected poles matrix Selected poles Observer gain matrix
Po Por /y L Por Por Pos Poas L [ L [
J,L 220 121 33237 23751.6 | -36.80 -145.47 -84.96+177.91 | -84.96-177.9i 329.8 65168.8 1331 13480.37
Iy | o0 | 77 291.65 | 15379.7 | 2506 | -78.79 | -52.56+1154i | -52.56-1154i | 192.3 | 238719 | 3204 | 2252.13
Iy | o0 | ss 271.63 | 111846 | -14.83 | 4946 | -52.16+94.12i | -52.16-94.12i | 154.1 | 15181.1 | 1433 390.83

By allocating the poles of the observer, the
characteristic polynomial A(s) is expressed as

A, s)=1I(s-p,)=s" +Bn715n71-~-+B0 (17)

The selected poles for the observer and observer
gain matrix parameter values are given in Table 5.

Because both the system (10) and the observer
(14) have the same order n, the order of the closed
loop system is 2x. In order to obtain the state feedback
observer, the design of the observer as well as the
design of the state feedback can be realized
separately. The closed-loop system is defined as

“|_[A-BK  BK x| [BK, | "
x| 0 A-LC|X 0 (18)

Due to the fact that the matrix on the right side
is block diagonal, the characteristic polynomial of the
closed-loop system has the form

A (s)=det(sI-A+BK)det(sI-A+LC). (19)

This property is called the separation principle
(Astrdm and Murray, 2009). A schematic diagram of
the controller is illustrated in Figure 2. It can be
observed that the controller includes a dynamic model
of the plant, thus respecting the internal model
principle. It can also be noticed that the observer
determines the dynamics of the controller. As such,
the controller can be regarded as a dynamical system
having y as input and u as output:

x=(A-BK-LC)x+L y,
) ( ) y 20)

The t.f. of the controller has the form
H.(s)=K[sI-A+BK+LC]'L. (21)

Process

Figure 2: Schematic diagram of an observer-based
controller.

4 EXPERIMENTAL RESULTS

The observer-based controller structure was
developed and tested on the mechatronics system —
MIPE220 — with rigid and flexible drive dynamics, in
the framework of position control solutions designed
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Table 6: Mean Square errors.

Rigid drive dynamics Flexible drive dynamics
Inertia refsiep refstaircase refsiep refstaircase
Sim Exp Sim Exp Sim Exp Sim Exp
J]] 5.5161e-06 0.0035 2.2754e-06 0.0014 3.4579e-05 0.0244 1.2967e-05 0.0128
I 5.3035e-05 0.0041 2.0467e-05 0.0018 6.1088e-04 0.0255 1.6291e-04 0.0137
J, 4.0919¢-04 | 0.0059 | 1.5566e-04 | 0.0022 | 3.5115e-03 | 0.0737 | 1.3168¢-03 | 0.0401

for three specific load disk inertia values. The
proposed design approaches were tested and validated
by real-time experimental results. The system’s
responses in two experimental scenarios were
considered: 1. the proposed control solutions
responses were tested first using a step reference and
are illustrated in Figures 3 and 5 and 2. a staircase
change for the reference signal was employed and the
proposed control solutions were tested again on the
time frame of 30s and are illustrated in Figures 4 and
6.

In order to highlight how the specified control
system performance was achieved, a comparative
analysis between simulation and experimental results
is carried out in terms of MSE values included in
Table 6.The values of MSE, considered as a global
performance index, between the real system variable
p, and its estimation p , are defined as (p -

position):
1 & _
MSE=;Z(M - P (22)
k=1

Taking into account the MSE values presented in
Table 6 and the graphs illustrated in Figures 3 to 6, a
set of following conclusions are pointed out: 1) the
motivation to use observers (state observers) is due to
the fact that through the predictive negative reaction,
these design approaches have the advantage of faster
convergence and a reduced sensitivity of estimation
to parameter variation; 2) the controller structure is
identical for systems with one input and one output as
well as for systems with multiple inputs and outputs
with the same form for the controller equations, the
only difference being the fact that the feedback
gain K and the observer gain L are matrices instead
of vectors; 3) the separation principle — for the output
feedback, the eigenvalue assignment can be split into
an observer and a state feedback eigenvalue
assignment — leads to a simplified design; 4) with one
dynamic system both a controller and an observer can
be developed; 5) the proposed approaches offer
contributions for the robustness and dynamic
performance of the system; 6) based on the
comparative analysis it can be concluded that the

392

proposed design approaches, prove to be viable and
ensure a good reference tracking ability; 7) the use of
these state observers leads to dynamically and
permanently improved performance.

S CONCLUSIONS

This paper gives details regarding the design and
implementation of state observers designed for three
specific load disk inertia values in order to estimate
the position for a mechatronics system with rigid and
flexible drive dynamics. The proposed design
approaches are validated by means of real-time
experimental results. The graphs illustrated in Figures
3 to 6 proved that these approaches are viable and
ensure a good reference tracking ability. The use of
these observers leads to dynamically and permanently
improved performance.

Future = work  will investigate  further
improvements of the performance indices for the
proposed design approaches. Additionally, optimal
parameter tuning will replace the pole placement
method. Further work will also aim to adapt these
observers to other important cases, through the
extension of the approaches suggested in this paper to
other illustrative applications that include robotics
and autonomous systems (Blazi¢, 2014; Kovacs et al.,
2016), fuzzy models and control (Precup et al., 2018),
engines (Andoga et al., 2018), cognitive models for
prediction and control (Direito et al., 2017; Ferreira et
al., 2017; Braga et al., 2019).
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Figure 3: Experimental results concerning the behaviour of observer-based controller designed for MIPE220 with rigid drive
dynamics (step reference): case study 1, 2 and 3.

Angular position [rad]

1 - : :
- 1 por— - Retesnce
PR =i P ——
. B hopla o asimted = = Arpularposion ssimated
il 8
7 7
6 2 i £
13 g
H H
gs g
B 2 g
£ H
08 = 3 !
r 855 I oe g
H 2 s s
osr| f os| 4 osf| 1
I' ' ! !
s sastl i o4 H
2w ws I 55 2s w5 |l e
s B > » o B 0 s ) E) % s ) s F) = E]
Time Is) Time [s)

Time (5]

Figure 4: Experimental results concerning the behaviour of observer-based controller designed for MIPE220 with rigid drive

dynamics (staircase reference): case study 1, 2 and 3.
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