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Abstract. This paper deals with the experimental ver-
ification of the importance of embedded systems with
an applied MEMS sensor in controlling weakly damped
systems. The aim is to suppress actively residual os-
cillations. The model of a planar physical pendulum
with a prismatic joint was chosen for the experiment.
The sensor made by MEMS technology, in which three-
axis gyroscope and three-axis accelerometer are inte-
grated, has been used for sensing the angle of deflection
of the load from the equilibrium position. The simu-
lation model represents the crane arm with a moving
carriage.
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1. Introduction

Control of weakly damped systems has its own
specifics. With these systems, residual vibrations oc-
cur. The issue of controlling weakly damped systems
is still up to date and with new technological options,
there is an opportunity to apply new approaches to
control such systems. Today, several methods designed
to reduce system oscillation are known [1]. Some meth-
ods are based on a change in the character of a closed
control system in the manner that the damping co-
efficient increases. Achieving this goal is possible by
the correct setting of the controller or adding acceler-
ation feedback. Another possibility is the use of con-
trol signal shapers [2] and [3]. This method preserves
the weakly damped character of the system. All the
above-mentioned control methods have in common aim
of suppressing residual vibrations. However, this ap-
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proach has a weak point in the event of residual vi-
brations, for example, due to the action of an insuf-
ficient quantity. The solution described in the paper
is based on MEMS sensor application. On the basis
of the measured values, the control system determines
the magnitude of the correction quantity in real time.
Applying the correction manipulated variable actively
reduces residual vibrations. The physical model of
a weakly damped system consisting of a carriage with
pendulum was selected to verify the importance of ap-
plying the correction variable.

2. Dynamic Structure

The creating of the mathematical model of a mechan-
ical system is based on the number of degrees of free-
dom. The number of degrees of freedom of the mecha-
nism was chosen by calculation for the selected model.
For the chosen planar case it is n = 2°. Based on
the number of degrees of freedom, it is known that the
model has two generalized coordinates, and therefore
it will be described by two motion equations.

The angular dependencies expressed from the geom-
etry of the mechanism are:

Y1 — Y2

cosgoz%, cosp = =, (1)

.o T2 o, X1 — T2
singp = —=, sing = T

and other geometrically dependent equations:

T =x1 — 1 sin,

Y2 =y1 — | cosyp.
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Expression of kinetic Ej and potential E, energy of
investigated system is:
1 2 1 2
Ek = imlvl + 57712'02 =
1

. 1 . .
= §m1x1 + ng (a:% + yg) ,

()

E, = migy1 +magys =
= magy1 +mag (y1 —lcosp),

after the solution comes:

(6)

1 1
Ek = 5 (m1 + mQ) $% - mZi;l()bCOSgO + §m212¢2’ (7)
E, = (m1 +m2) gy1 — maglcos p. (®)
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Fig. 1: Dynamic diagram of the mechanical system.

2.1. Lagrange’s Equations of the

Second Kind

Lagrange’s equations of the second kind are applied
to both derived generalized coordinates (¢, x). La-
grange’s equations of the second type have a form:
d (0E OF)
dt¢ 3qj 8(]]'

9)

The final form of motion equations for the mecha-
nism being investigated is:

1
$ =7 (Frcosp—g sing), (10)

ma

T = l (gbcosgp — ¢? sin <p) .

my + mo (11)

When considering damping or dissipative forces, La-
grange’s equations of the second kind are:
d <8Ek> OE, _ 0E, 0D
de 6(]] an aq]‘ 8(]] ’
j=12,...,n.

(12)
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The resulting equation after the inclusion of resistive
forces to the motion equations is followed by:

1 F
p=7(Ercosp—g Sinw)imzl“; : (13)
T = LT (cp cos p — ¢? sin(p) +

mi + mo

F,cos g+ Fyl (14)

(m1 + mgsin2<p) I

3. Transfer Function

The transfer function is expressed from the differential
equation that describes the selected weakly damped
system. The differential equation is derived from the
torque condition. The assumption of a strong posi-
tional feedback has been introduced to exclude the
transfer of the reaction force from the load on the car-
riage [4]. It allows the system to be investigated as one
mass.

Jz$ 4+ Bz 4+ mlg sinp = —ml cos pa. (15)

The obtained differential equation is linearized be-
cause Laplace’s transformation can only be used to
solve linear differential equations with constant coef-
ficients. For small displacements of the load, the fol-
lowing applies:

(16)

(17)

siny = ¢,

cosp = 1.

After applying the simplification, the acquired equa-
tion is:

Jzp + Bzp +mlge = —mla. (18)

The differential equation has been transformed by
Laplace’s vocabulary:

Jz8%¢ + Bzsp + mlgp = —mlA. (19)

Subsequently, the transfer is obtained as a ratio of
the output quantity image and the input quantity im-
age:

(20)

After edition, the transfer function is:

——wp

g
F(s)= —2——.
(s) $2 + 2swob + w3

(21)
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Finally, the following substitutions may be intro-

duced:
1

K=-—-, 22
; 22)

By
b= — 23
5T (23)

mlg
wy = 7, (24)

Provided the heavy load, the moment of inertia Jyz
can be expressed as:

Jz = ml?. (25)
After substitution of the relation Eq. to
Eq. (24), the natural frequency is:

9

The Bode diagram for the transfer function Eq. (21
is shown in Fig. ] [7]. For the calculation, val-
ues corresponding to the experimental system were
used; g = 9.81 m-s™'; [ = 0.77 m; m = 0.138 kg;
Bz = 0.00008. On the amplitude characteristic, it is
clear to see that the examined system has a resonant
frequency of 3.57 rad-s~!, which is 0.568 Hz.

Bode Diagram

50 l
0

vV N\
\\

, Magnitude (dB)

0" 10° 10’ 10?

Frequency (rad-s™)’'

Fig. 2: Bode diagram.

4. Simulation Analysis of the

System

The simulation model of the mechanical system has
been created in the Matlab Simulink environment.
The environment allows simple modification of the me-
chanical system model parameters (dimensions, fric-
tion forces, load weight change, etc.). At the same
time, it allows the introduction of a control loop into
the model [§]. To create a mechanical model, the Sim-
Mechanic library was used. The simulation model of
the mechanism is shown in Fig. [3| The simulation out-
puts from the Matlab Simulink model were compared
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with motion equations derived in the previous chapter.
In this way, the correctness of the mechanical model
created in the Matlab Simulink environment was ver-
ified. Movement of the mechanism during the simula-
tion is allowed by the Mechanics Explorers graphical
interface Fig. [4]

Guide Bar '
ol

S wiE

World Frame

Weld Joint

Rigid
Transform1 Transform2

Configuration

Mechanism
Configuration

ou2

S-Simulink

PS-Simulink
Converter

P
Converter

Model of the mechanism created in the Matlab Simulink
environment.

Fig. 3:

The next step was the design and incorporation of
the position control. A control loop with PI controller
application was used. The priority of control is to po-
sition the load at the desired location with suppression
of residual oscillations [9].

Fig. 4: Graphic presentation of mechanism in Mechanics Ex-
plorers.

The output of the rotational joint of the model of
the mechanism directly provides the position of the
trolley, as well as the actual angle of deflection of the
load as seen from Fig. [3] In Fig. 5 there is a view
on the overall simulation scheme. The complete model
of the mechanical system, whose structure is shown in
Fig. 3] is in the subsystem Mechanism. This subsys-
tem has one input Inl for input of the manipulated
variable and two outputs Outl and Out2. Outl is the
output of the carriage position. Out2 is the output of
the deflection of the load from the equilibrium state.
The second subsystem, called Embedded system, rep-
resents the load-displacement evaluation system. Its
input Inl is provided with information about the an-
gle of deflection of the load. Output Outl is an addi-
tional correction value. The source is used to generate
a change in the desired location over time. The summa-
tion element calculates the control deviation that en-
ters the PI controller. Proportional constant P = 0.05
and integration constant I = 1.4. The following blocks
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are derivative block and saturation block. Limitations
have been set with saturation blocks. The speed is
limited to 4.6 m-s~—! and acceleration to 100 m-s—2.

Embedded
system

Out1

Position

]

Angle

Angle of bob
Out2

Carriage position

In1 <

Out1 J

Out2

Group 1
Signal 1 P+
- PI(s) In1

PID Controller3

Mechanism

Fig. 5: Simulation diagram with mechanical model, position
control and applied embedded system.

In the next, the load-displacement evaluation sys-
tem will be called an embedded system. The behavior
of the system without an embedded system and subse-
quently with the applied embedded system was tested
by simulations. The following results were obtained.

Graphical waveforms obtained from the simulation
without using the embedded system are listed as the
first. The graphical dependence of the system response
to changing the setpoint of the carriage (position) is in
Fig.[6] The residual vibrations are shown in Fig. [7]

-0.2 i

-0.4 .

— Real position
Target position | |
0.8 L

0 5 10 15 20 25 30 35 40
Time (s)

Position of the bob (mm)
o

Fig. 6: Steering of carriage position without regulation of oscil-
lations by embedded system.

30 |
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Fig. 7: The oscillation of the load in the desired position.

The waveform of the action variable of acceleration,
as well as the speed, can be read from the graph in
Fig. The acceleration waveform can be seen from
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the graph. The entire range —100 to +100 m-s~2 is not
plotted due to the better readability of the graphical
waveform of the acceleration. The acceleration pulses
reached preset saturation.
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o
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&
—
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BN

Acceleration (m-s?)

0 5 10 15 20 25 30 35 40
Time (s)

Fig. 8: Course of manipulated variable at steering of position.

The graphical waveforms obtained from the simu-
lation after connecting the embedded system showed
visible acceleration of the load oscillation stabilization
at the desired position, Fig. The embedded system,
which with its added value implemented additional mo-
tion control of the carriage, has ensured that the vi-
bration stop time was shortened. This can also be seen
from the placement of the carriage to the desired posi-
tion in Fig. [0
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Fig. 9: Control of carriage position with regulation of oscilla-

tions by embedded system.
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Fig. 10: The oscillation of the load in the desired position.
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The waveform of the action variable during the con-
trol is shown in Fig.

o —

Speed (m-s?)

Acceleration (m-s")

-20F -

0 5 10 15 20 25 30 35 40
Time (s)

Fig. 11: Course of manipulated variable at steering of position
and simultaneous active damping.

Functionality of the implemented embedded system
has been tested with modified parameters of the me-
chanical system. The weight of the load and the length
of the bar link were changed. In all tested cases, the
model with applied embedded system achieved a sig-
nificant shortening of the stop time of the load in the
desired position compared to the model where the em-
bedded system was not applied.

5. Experimental Verification

Construction from aluminium profiles is the basis of
an experimental device. A moving carriage, which is
driven by a DC motor via a toothed belt, is mounted on
the top of the structure. The position of the carriage is
read off from the rotary encoder located on the motor.
The load is placed on a 1m long rotatable rod that is
mounted to the carriage. The sensor of the angle of
load tilt is on the rod at the point of rotational joint
of the rod to the carriage. It is a MEMS sensor that
has an integrated three-axis gyroscope and a three-axis
accelerometer [10]. Data from the sensors is fed to the
input/output unit of the DSpace system, in which is
the program compiled from the Matlab environment.
Through the Control Desk software, it is possible to
monitor and correct the control process.

Control of the experimental assembly was performed
through the Matlab Simulink program and the dSpace
interface. In the Matlab Simulink environment, a ba-
sic control loop for control of the carriage position was
created in the first step [5]. The block of the PI con-
troller and the PWM block were used. Subsequently,
an embedded system was programmed to communicate
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with the MEMS sensor through the serial line [6]. The
structure of the control program is in Fig.

The experimental device was connected to the in-
put/output interface of dSpace. Through the Control
Desk interface, the control process was evaluated.

5.1. Experiment Evaluation

The first step was to optimize the constants of PI con-
troller of position control loop. Controller constants
P =0.001 and I = 0.01 were determined by applying
the Ziegler-Nichols method [7]. Data from the MEMS
sensor was decoded and corrected in the dSpace sys-
tem. The processed data was used in the block repre-
senting the embedded system to calculate the correc-
tion variable. The output from this block was brought
to the summation element, where the correction value
is subtracted from the desired position, see Fig.
This method was chosen to not interfere with the con-
trol loop of a position, but only to correct the setpoint.
Subsequently, the embedded system was debugged and
experimental measurements were performed.

From the realized experiments, the representative
samples of measurements were selected, on which the
impact of the embedded system at the attenuation of
residual oscillation will be presented.

The measurement records on the model without ap-
plication of the embedded system are listed first. Be-
cause of the comparability of the results, measurements
were always run from a steady state. For the action,
the unshaped control signal was used because it was
not intended to prevent the occurrence of residual os-
cillations at start-up, but to ensure that the load stays
in the desired position in the shortest possible time.
Figure (12| shows the system response to a step change
of the desired position and the control of the system
with a control deviation approaching zero.

250
200 [
150

100

50

Real position
Target position

Position of the carriage (mm)

o]

0 5 10 15 20 25 30 35 40
Time (s)

Fig. 12: Time course of carriage deployment without active
damping.

Figure [I4] shows the system response in the form of
residual oscillations as well as the real magnitude of
the attenuation without application of the embedded
system, whose role is to ensure active damping. The
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Fig. 13: Basic control loop with implemented embedded system in Matlab Simulink environment.

size of the logarithmic decrement of attenuation § was
determined by the calculation. Logarithmic decrement
of the used model is § = 9.9 - 1073.

Angle (°)

U

-150

Time (s)

Fig. 14: Course of the load oscillation without active damping.

After identifying the behavior of an experimental
model without an applied embedded system, experi-
ments were carried out on a model with an applied em-
bedded system whose task was active damping of resid-
ual oscillations. The parametrically identical jump
change of the desired position was used as in the system
without the applied embedded system. On the wave-
form of position in Fig. [I5] the movement of the car-
riage about the desired position during active damping
is clearly shown.

The steady state of the system, as mentioned above,
did not occur, but the controller oscillated around the
desired position that was influenced by the embedded
system. It can also be seen from the waveform of the
control variable from the PI regulator providing posi-
tion control, Fig.
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Fig. 15: Time waveform of carriage position with active damp-
ing.
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Fig. 16: Position control with active damping - output from the
PI controller.

As in the previous case, the logarithmic decrement
of the attenuation J was calculated. The logarith-
mic decrement of the system with active damping is
§d = 136 - 1073. For a better comparison, the sys-
tem response without active damping and system re-
sponse using the active damping provided by the em-
bedded system is plotted in one chart. The impor-
tance of the application of the embedded system in
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Fig. 17: Position control, comparison of weakly damped oscil-
lation with application of controlled damping.

the area of active damping of weakly damped systems
can be justified by the results of the experiments. The
time required to stabilize residual oscillations was de-
creased by 13.7 times. All options to further increases
in attenuation are not yet exhausted. As can be seen
from the start of the carriage to the desired position
and from the standard course of residual oscillations
(Fig. , the embedded system has been unable to
intervene more effectively under these conditions. Re-
ducing the steadying time would be possible by increas-
ing the power of the drive for the experimental model.

N
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=
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i
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— Target position
o= e
8.5 9 9.5 10 105 11 115 12 125 13 135
Time (s)

Fig. 18: Dependence of system dynamics and frequency of

residual oscillations.

6. Conclusion

In order to verify the importance of application of the
embedded system with the MEMS sensor in the con-
trol of weakly damped systems, a model of a planar
physical pendulum with a prismatic joint was chosen.
Motion equations for the selected model were derived.
Simulation model in Matlab Simulink was created, on
which the correctness of the proposed solution has been
verified by simulations. Finally, the importance of ap-
plication of the embedded system with a MEMS sensor
for the improvement of the quality of control of weakly
damped systems was experimentally verified.

In conclusion, it is still necessary to point out that
the proposed system does not aim to replace the used
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signal shapers whose task is to ensure the start and run
without load oscillations [1I]. The significance of the
embedded system with a MEMS sensor can be seen in
increasing the robustness of the system in cooperation
with the shapers.

The achieved results and graphs show a significant
improvement in the load movement regulation. The
oscillation stabilization occurred 13.7 times faster than
the control without the embedded system. In the sim-
ulation, the impact on attenuation of residual oscilla-
tions was even more pronounced.

When designing an embedded system, emphasis was
placed on its technical feasibility, the possibility of ap-
plication to existing real systems.
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