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Abstract: - The performance of reversible magneto electric converter based scanning system primarily depends on the control
system, which performance is provided in turn by reliability of the real object and the mathematical model used for the calculations, and
the reference signal. The article describes a mathematical model of the two-mass reversible scanning mechanism, its comparison with
the real system and provides a procedure for constructing an algorithm for defining the inertial reverse scanning device input signal.
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1 Introduction

Along with widespread of the irreversible
scanning devices, which are continuous rotation
scanning item [1], in modern technology commonly
use reversible scanning devices in which the
scanning element can perform fairly complex of
reciprocating linear or rotational movement. Such
devices are used, for example, at 3D buildings and
structures printing, laser scanning systems, multi-
axis processing centers, scanning thermal imager
systems [2, 3]...

Currently, almost all scanning systems, using
reverse converters, based on the operation principle
of work with reflected emission (thermal, laser,
etc.), which can significantly reduce the size of the
rotating parts, and as a result, to reduce the
transducer shaft inertia moments.

There are, however, systems where operation
with the reflected signal is not possible and it is
necessary to place the receiver (emission source),
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which has a large mass and inertia, directly on the
motor shaft. This leads to a significant increase in
the oscillatory of the system, inability to use
traditional configuration method and the need for a
specific converter.

An example of such irreversibly scanning device
is contactless magnetoelectric converter (MEC),
based on PMSM with high coercivity permanent
magnets. MEC proportionally converts an input
electrical signal (voltage) to angular movement of its
rotor.

Such scanning devices performance is mostly
provided by the performance of the control system,
which in turn is provided by reliability of the
mathematical model of the real object used for the
calculations and the quality of reference signal.

The article considers the specially created engine
with a limited rotation angle designed for a three-
axis infrared telescope scanning axis.

Currently there is no mathematical description of
the MEP-mechanism system that takes into account
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the features of two-mass object. Thus the considered
engine with executive axis is only some drive and
not the part of electric drive control system. Hence
there is the necessity of MEC-mechanism system
description in the control system object format.

The second task is to formulate an algorithm for
the accuracy improving not only for the given object,
but also for other similar systems.

On results of research the mathematical model,
which allowed to carry out the study of the system
by mathematical modeling, as well as methods of
control signal setpoint synthesis allowing to increase
the input signal tracking accuracy were obtained.

In the study the problem of reference signal track
deviation was solved, taking into account, that
stiffness of motor and telescope tube connection is
low (whole object is presented as two-mass model)
and the possibility to place the feedback sensor is
only on the first mass (motor shaft).

Recommendations for the further work with the
object were given.

2 The "MEC-mechanism' two - mass

model

By the operation principle and the main
parameters MEC refers to the electrical converters
with armature displacement normal to the magnetic
field lines in the air gap of the inductor. Simplified
MEC design presented in Figure 1.
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Polarized MEC functional principle is based on
the interaction of magnetic flux magnetizing force,
produced by the permanent magnet 1, and the
control flow, produced by the current 7 in the control
winding 2 with the coil number W, due to the
voltage on the control winding u.

This type of construction provides a stable neutral
position and also the occurrence of the torque
proportional to the value of the angular deviation
from the neutral position, directed oppositely to this
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deviation. Thus, in the absence of coulomb friction
torque on the MEC shaft, rotor will tend to return to
its initial (neutral) position even without control
signal.

Static and dynamic characteristics of MEC with a
limited angle rotation for the scan drive are analyzed
in [4], synthesis techniques, mathematical models
and simulation results for the one-mass speed control
system MEC are described in [5, 6]

However, the approach described in [4-6] is
applicable only if the stiffness coefficient of the
object is high enough. Otherwise, implementation of
a control system synthesized this way may provoke
fluctuations related with unaccounted slackness and
as a result, the inability to achieve the required scan
accuracy.

Lack of papers devoted to electric drive control
system for scanning devices represented by two-
mass models and a small number of papers devoted
to direct-drive system lead us to the study of such
systems.

According with [7] the dynamics of the MEC can
be described by equations:

di da

D=R-i(t) +L—+Ke.-2= 1,a
U, =R +L o Ke (1,2)
d’a , da .

JF-‘FT‘E—'_KGQ—‘FMC:KlI(t) (1,b)

Where u,(t) is the control winding of MEC voltage,
i(t) is the control winding circuit, R is the control
winding resistance, L is the control winding
inductance, K. is the slope of the back-EMF
coefficient, J is the total scanning axis inertial
torque, f is the inner damping coefficient, M. is the

coulomb friction torque, K, :Z—M is the stiffness of

o
mechanical characteristic or «magnetic spring»
stiffness, K,:ddM is the stiffness of traction

characteristic or electric circuit sensitivity, o is the
rotation angle.
Applying Laplace transform to (1,a) and

expressing circuit i(t) from (1, a) follows to (2)
. 1/R
=, 0K, p-o)—

where T, = L/R— electrical time constant

Applying Laplace transform to (1, b) follows to

Q):

2

J-pPa+f-p-atK, -a=M-M, )
where M =K, -i(t) is the torque provided by
MEC
Accepting da/dt=p-o=Q-the angular speed,
equation (3) transforms into (4)
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J—dd?+f~Q+Ka-0L:|\/I—MC (4)
Hence:

dQ 1

—=(M-M_-f-Q-K_-a)-= 5

=M M, @) (5)

Therefore the two-mass system presented at
figure 2 is obtained by combining of block diagram
given in [4], equation (5) (where the coordinates of
the position a and velocity Q are considered as speed
and position of the first mass), and well-known
transfer functions and block diagram of the two-mass
mechanism [8].
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Fig. 2. "MEC-mechanism" two - mass block diagram model

Research of static and dynamic two-mass
system characteristics has shown that the transfer
functions describing the static properties of the
object are not fundamentally different from the
transfer functions describing the single-mass model
of the system [4]. The differences are only in the
order of the numerator and denominator, which is
expected taking into account the introduction of
additional model integrators.

It should be noted, what there are several state
constrains in the system: Unex (t) €[-48,48],

a(t) e[-0.5,0.5], o, (t) €[-1.081.08][9]. This
constraints are natural feature for many scanning
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systems. The difference are only in values of given
states.

Figure 3 a) shows the Q;n and oy, first mass
angular velocity and rotation angle (curves 1 and 3)
and figure 2 b) shows Quy and apy Second mass
angular velocity and rotation angle (curves 2 and 4)
of a two-mass MEC - mechanism model during the
transient of 10V surge control voltage uy(t)
simulation results. The simulation was performed on
the basis of the structure depicted on fig. 1 using the
parameters of DB600-100-D3043 drive
manufactured at the National University "Lviv
Polytechnic”. In the simulation was used MatLab,
Simulink.

Inverter parameters: K, = 4500 N-m/rad;
Ki=85Nm/A; f=0; K,=15V-s/rad;; L=0.6 H;
R =14 Ohm; J =236 kg'm2, M, =25 N'm;
Uy max =48V (maximum voltage of the control
winding which is equal to the maximum value of the
output voltage of the inverter.). Parameters of the
mechanism Cy, =3.3:10° N'm/rad, J; = 18 kg'm?,
J, =218 kg'm” are obtained from the developers of

telescope rotation device.

Fig. 3. Electromechanical transients in two-mass model "MEC-
mechanism"

3 Comparison with the real object

During the study the comparative analysis of the
obtained model and the real object was carried out.
The research focuces on the triaxial infrared
telescope scan axis.

For the experiment, we used MATLAB Simulink
package [10] and the method of direct Simulink
coupling with the control object. [11-14]. Figure 4
shows the real object and the mathematical model
output values comparing results.

There are several sensors on the real object: the
phase current sensors and the position sensors.

Current sensors are integrated in MEC and the
position sensors are incremental encoders located on
the MEC shaft. The output signal of the sensor is a
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position of the rotor. Thus, the position is measured
coordinate and speed - is calculated.

During the work it was found that the values of
C1,=3.3-10° N'm/rad and M, =25N'm does not
correspond to reality. The actual values obtained
during the experiment are: C1, = 3.1-10° N'm/rad and
M. =50 N'm. In the simulation process the simplest
model of friction was used.

Figure 4 shows the real object and previously
discussed mathematical model output coordinates
reaction comparing result for periodic input square
wave with 0.4 y amplitude and 3 sec period duration.
On Figure: 1 - real object speed curve Q4, 2 — two-
mass model first mass speed curve Qi 3 - real
object angle curve oy, 4 - two-mass model first mass
angle curve ayy,. The second mass speed and angle
coordinates aren’t presented on the chart because
only first mass coordinates can be obtained from the
real object.

Q,, [*/5], Quq; [*/5]; 03, [°], 0, []

N

O | | 1
20 25 30 35 40 45 50 55

Fig. 4. Electromechanical transients in two-mass model "MEC-
mechanism*

Comparative analysis wasn’t limited by presented
graph, showed that the obtained two-mass
mathematical model accurately reflects transient and
quasi-stationary modes of the real "MEC -
Mechanism™ system and can be used for further
control system synthesis.

4 Reference signal description

As has been said, the quality of control system
performance is related with the quality of reference
signal. As an example of specifying reference signal
for scanning systems could serve the trapezoidal
signal presented in Figure 5.

o
g

Fig. 5. Electric drive scanning diagram
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On Figure: 1 and 2 - curves corresponding to the
drive scan diagram by angle and speed, respectively.

Full scan cycle Ty contains two working stroke
plot (t-t; and ts-t;) with duration t, and two
nonworking stroke (t,-t; and t4-ts) with duration t,,,.
At working stroke sections angle should vary
linearly within the range of -og up to +ag With an
acceptable speed maintain error rate A%. Angle
change principle in nonworking stroke areas are not
limited. Duration of nonworking stroke is measured
between the end of one working stroke and the
beginning of the next.

One of the basic requirements for scanning signal
playback is speed maintain high accuracy in working
stroke areas of scanning diagram in conditions of
limited ultimate performance of Converter,
significant coulomb friction value and restrictions on
allowable voltage for control winding.

Currently, a widespread practice is to use
Simulink-models in real time to control the real
objects. For this reason, develop a setting device,
which will provide a desired reference signal, in the
Simulink expansion.

5 Setting device design

In the case of large reversible mass is usually not
allowed to have surges in the acceleration program
trajectory, acceleration program trajectory should be
a continuous function of time.  In this case it is
advisable to take a stepwise change of the
acceleration derivative to ensure object accelerated
revers for a non-working period of time t,,. The
object rotation angle change program in this case
will result from the triple integration of the
acceleration derivative. The simulink based setting
device modeling scheme is shown in Figure 6.

| 1 f 4 3
': LT )
i Joponge
miinogioze

Fig.6. Setting device modeling scheme
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On Figure: 1 — acceleration derivative generation
unit through the sum of the rectangular input
impacts, 2- integrators to produce a consistent graph
of angle change, 3- angle measurement output unit,
4- the last integrator output result displacement unit,
symmetrically to the time axis by adding a constant,
5- offset ensures zero offset value of acceleration at
all reference signal working strokes.
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Graph of the third reference variable derivative is
shown in Figure 7. In this figure the time points have
different values from values on Fig.5. Namely:

t t
tl :M,tz :tW +%,t3 :tW +th,t4 =tW +1'5th'

2

ts = 2ty + 1.5ty tg = 2(ty + ty)-
e
2_—‘ .......... ............. ............ ............. .........................
of b LYME b1 b
b
4 i : ;
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Fia.7. Third reference variable derivative graph

Starting time of a periodic function on Fig.6
coincides with the half of nonworking stroke of
reference signal. The reason for this choice is due to
the desire for zero initial speed during the system
start. For zero average value of the acceleration is
necessary to select the negative initial value of
acceleration as shown in Fig.8.

Acceleration gap at start-up (Fig. 8) does not lead
to a spike in system voltage reference due to the
special form of the initial portion of predefined
functions, which will be discussed later. Pulse
amplitude of the third reference derivative also will
be defined later.

T TR
02b TR /\ ..... L ............. .............
oLl b s S v
02 ........................................
0. i ; i ; ;
0.5 1.0 15 2.0 2.5 t,s
Fig. 8. Graph of the reference variable acceleration change

The graph on Fig. 8. shows that the acceleration
at the time t >0 is a continuous function of time, as is
required for the control object with high inertia.
During the interval 0< t < t; the acceleration is
negative and increases to zero. Therefore, the speed
(Fig. 9) decreases from zero to the nominal value by
a quadratic curve. At the time t; the acceleration is
zero, so the slope of the second order tangent curve
is zero and there is no speed graph kink in the
moment of transition to the work area. This property
is essential to reduce the magnitude of the control
voltage surges in the control system.

The method and rate of acceleration and speed
change is clear from Fig.8. and Fig.9. Further
processes flow must be understood by the given
charts.
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“0 05 10 15 20 25
Fig.9. Reference signal speed change graph.

t,s

The reference signal graph shown in Fig.10.
is obtained by integrating the speed graph, Fig.9.
Input graph should be symmetric with respect to the
time axis, so the result of the last integrator
integrating on Fig. 6. must be moved up by adding a
constant. To eliminate the reference signal surges in
start-up moment, the constant bias is supplied
through aperiodic link with a small time constant. As
a result, the initial value of the reference variable is
equal to zero, and a constant offset increases
smoothly. After the time approximately equal to the
half of the reference signal period, the signal graph
takes the required form.

0.4
0.2f

0F
0.2
0.4 :
0 05

[
1.5
Fig.10. Reference signal graph.

t, s

Perform the parameters calculation of the setting
device, which scheme is shown in Figure 5.
According to the technical specification the nominal
speed value in the work stroke is equal to:

~ 20.gr
n= .

t, (6)

Denote the pulse amplitude of the third reference
signal derivative on Fig.10. as as. Then the
acceleration during a time interval 0< t <t; with zero

initial conditions will vary according to the
expression
a, =agt. (7)

The speed on the same interval with zero initial
conditions varies according to the expression:
q =a e

1=8

(8)

The reference signal change law in this interval
under the same conditions will be:
a=a3;—. 9

3% )

Within the half of the nonworking stroke angular
velocity must vary from zero to the nominal.
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Substituting in (8) instead of t the value 0.5t
2
obtain: Q, =a3t”?‘”.

Hence we find the pulse amplitude of the third

reference derivative: ag = 8 f n

th
Using (6) finally obtain the third reference derivative
pulses amplitude:

160
ag = 29” . (10)
ttaw
Relative duration of all pulses (signal ratio) is
t
Tern = - 100%. 11
s =5 0 (11)

C

All pulses on Fig.7. have a repetition period equal
to the Tsc. The first pulse has zero delay. The second
pulse is delayed with respect to the start time to a
time equal to the t,+0.5t,,, third pulse is delayed t,+
tnw and finally, the fourth pulse is delayed for a while
tw+1.5th. Further graph is repeated with a period of
Tsc.

A positive value of the third derivative of the
reference in the first half of the nonworking stroke
would increase the acceleration according to (7) to a
value of:

ay = agtr‘TW or, in view of (10):

ay =0 r (12)
tthW
But the acceleration of the working range should
be zero, so the output of the first integrator is
necessary to shift down by an amount determined by
the expression (12). The displacement is
performed using the biasing DC signal, as shown in
Fig.6. This ensures zero acceleration value in all
working strokes and, respectively, strictly constant

nominal speed value according to Fig.9.

Calculate the change in the reference signal for
the first nonworking interval. Since the acceleration
on this half-interval does not begin with a zero value,
it varies according to the law:

8agr B 1604y . 8agr

dy = a3t — = s
twtnw tWt,%W twtnw

and the speed will not be determined by the formula
(8), it vary according to the law:

8a 8a
S L

&
twtr%W tuwlnw

Integrating this expression, obtain a reference
signal change for the first nonworking stroke as:
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Substituting into this expression t=0.5t,,, , obtain the
reference signal value to the end of the first
nonworking stroke equal to:
~ 20Lgrtnw

3ty

In the working stroke t; <t < t, negative velocity
has nominal value, therefore, during this period the
setpoint will decreased by an amount equal to -2o.
However, the reference signal graph must be
symmetrical with respect to time axis, so the last
integrator output must be moved by an amount equal
to the module (13) and og, Sum, i.e. by the amount:

a= (13)

0= 20grtow
sum 3tW gr-

Constant bias is entered via aperiodic link with a
small time constant, Fig.6. This affects the setting
device only at the start, eliminating the reference
signal surges, as shown in Fig.10.

Formed in this manner reference signal provides
exact speed and angle of the scanning element in the
scan diagram working strokes.

6 Conclusion

During the research two-mass "MEC -
mechanism™ mathematical model was obtained and
simulation of the transient and quasi-stationary
modes of the studied system with high accuracy are
made. A comparative analysis of the obtained model
and the real object was carried out, which allowed to
improve model and its structure affirming
parameters.

The resulting mathematical model with noted
state constraints allows to describe studied system
more accurately and give reasonable approach to the
electric scanning devices control system synthesis,
that take into account the two-mass object
characteristics, by using, for example, optimal
control theory methods [15, 16].

Setting device proposed algorithm allows to
desine an adjuster, which will provide desired
reference signal, taking into account the technical
assignment. It also allows to exclude the input
signal surges in start-up moments and provides exact
speed and angle of the scanning element in the scan
diagram working strokes.

By further research and modernization of the
system may be to build a control system using fuzzy
logic or autotunning systems with robust regulator
[17-20]. Such studies may be particularly relevant

Volume 14, 2015



WSEAS TRANSACTIONS on SYSTEMS

because of the influence on the considered object
significant wind loads, as well as the drift of the

parameters

associated with different climatic

conditions of the object operation.
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